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One of t h e key problems e n c o u n t e r e d in p r e c i p i t a t i o n m o d i f i c a t i o n 
p r o j e c t s has been t h e e v a l u a t i o n o f t h e r e s u l t s . E v a l u a t i o n o f modest i n c r e a s e s 
o r d e c r e a s e s i n s u r f a c e p r e c i p i t a t i o n from c loud s e e d i n g o p e r a t i o n s i s 
e x c e e d i n g l y d i f f i c u l t b e c a u s e o f t he g r e a t n a t u r a l v a r i a t i o n o f p r e c i p i t a t i o n 
in space and t i m e . This problem h a s been compounded by t h e l a c k of adequa te 
s t a t i s t i c a l d a t a t o d e f i n e q u a n t i t a t i v e l y t h e n a t u r a l v a r i a b i l i t y c h a r a c t e r i s t i c s 
in most r e g i o n s o f t h e U n i t e d S t a t e s . The p r imary pu rpose o f t h e r e s e a r c h 
summarized in t h i s f i n a l r e p o r t under NSF g r a n t GA-1360 was to perform e x t e n s i v e 
a n a l y s e s t h a t would s u b s t a n t i a l l y overcome the d e f i c i e n c y o f i n f o r m a t i o n on 
p r e c i p i t a t i o n v a r i a b i l i t y o n s m a l l a r e a s i n t h e midwes te rn U n i t e d S t a t e s , t h e 
n a t i o n ' s p r imary a g r i c u l t u r a l r e g i o n . The d e r i v a t i o n o f such i n f o r m a t i o n was 
made p o s s i b l e by t h e a v a i l a b i l i t y o f a r e l a t i v e l y l a r g e sample o f p r e c i p i t a t i o n 
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data from dense raingage networks in I l l i n o i s , a s t a t e which is r ep re sen t a t i ve 
in c l ima te , topography, and food product ion of the midwestern a g r i c u l t u r a l 
reg ion . 
Scope 
The end product of t h i s research is a va r i e ty of information and data 
t h a t should be useful in the design of p r e c i p i t a t i o n modif icat ion experiments 
and in the development of appropr ia te techniques for the evaluat ion of those 
experiments in which surface p r e c i p i t a t i o n measurements are the major method 
of eva lua t ion . The I l l i n o i s r e s u l t s should be d i r e c t l y appl icable to o the r 
midwestern areas of s i m i l a r p r e c i p i t a t i o n c l i m a t e , and should be u se fu l , to 
some e x t e n t , as f i r s t approximations or guides for o ther regions of the 
country. 
The 2-year research p ro j ec t has cons is ted p r imar i ly of seven bas i c 
i n v e s t i g a t i o n s . These are as fol lows: 
1) P rope r t i e s of n a t u r a l p r e c i p i t a t i o n v a r i a b i l i t y and t h e i r 
e f f ec t s in the v e r i f i c a t i o n of p r e c i p i t a t i o n modif icat ion 
experiments . 
2) S p a t i a l d i s t r i b u t i o n c h a r a c t e r i s t i c s of p r e c i p i t a t i o n and 
eva lua t ion of the a p p l i c a b i l i t y of c e r t a i n s p a t i a l parameters 
in ver i fy ing cloud seeding e f f e c t s . 
3) Time d i s t r i b u t i o n c h a r a c t e r i s t i c s and t h e i r app l i ca t ion in 
p r e c i p i t a t i o n modif icat ion experiments . 
4) Sampling requirements for the measurement of surface 
pre c i p i t a t i o n . 
5) Evaluat ion of various s t a t i s t i c a l eva lua t ion techniques and 
t e s t s appl icable in midwestern cloud seeding experiments . 
6) Specia l s t u d i e s , such as downwind e f f ec t s from cloud seeding 
conducted under Pro jec t Whitetop in Missour i , a study 
undertaken to c l a r i f y fu r the r the midwestern v e r i f i c a t i o n problem 
and to obtain a d d i t i o n a l information on the ac tua l e f f ec t s of 
the con t rove r s i a l Missouri r e s u l t s . 
7) Specia l c l imato log ica l s t u d i e s to provide s p e c i f i c information 
for use in designing I l l i n o i s weather modif icat ion experiments 
which might be undertaken in the fu tu r e . 
This qu i t e voluminous f i n a l r epor t has been prepared to provide a 
s i ng l e source and reference of a l l output under the research g r a n t . The 
r epo r t has been divided i n t o two p a r t s to f a c i l i t a t e read ing . The f i r s t 
p a r t summarizes r e s u l t s of the various s t u d i e s and presen ts recommendations, 
whereas Par t I I t r e a t s each of the s tud i e s in considerable d e t a i l . 
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E i g h t p a p e r s summarizing c e r t a i n r e s u l t s o f t h e 2 - y e a r p r o j e c t have 
been p u b l i s h e d t o d a t e , and o t h e r s w i l l b e s u b m i t t e d f o r p u b l i c a t i o n i n t h e 
n e a r f u t u r e . However, some o f t h e i n f o r m a t i o n compi led i n t h e v a r i o u s s t u d i e s 
would b e u s e f u l p r i m a r i l y t o t h o s e i n v o l v e d i n t h e d e s i g n a n d / o r e v a l u a t i o n o f 
s p e c i f i c w e a t h e r m o d i f i c a t i o n e x p e r i m e n t s i n I l l i n o i s and nea rby r e g i o n s . I n 
t h e s e c a s e s , P a r t I I o f t h i s f i n a l r e p o r t w i l l s e r v e a s a s o u r c e o f t h i s 
i n f o r m a t i o n , and i t w i l l n o t b e p u b l i s h e d e l s e w h e r e . 
L i m i t a t i o n s 
The I l l i n o i s s t u d y was r e s t r i c t e d to a r e a s o f 50 to 550 mi 2 f o r which 
d a t a from dense r a i n g a g e ne tworks were a v a i l a b l e t o d e f i n e a c c u r a t e l y t h e t ime 
and space p r o p e r t i e s o f p r e c i p i t a t i o n . Al though t h e s t u d y was r e s t r i c t e d t o 
a r e a s o f county s i z e o r s m a l l e r , s e e d i n g c a p a b i l i t y o n a r e a s o f t h i s s i z e must 
e v e n t u a l l y b e d e t e r m i n e d f o r e f f i c i e n t a g r i c u l t u r a l a p p l i c a t i o n . F u r t h e r m o r e , 
w a t e r supp ly augmen ta t i on from s e e d i n g would f r e q u e n t l y i n v o l v e t r e a t m e n t o f 
r e l a t i v e l y s m a l l b a s i n s . For e x a m p l e , S t a l l (1964) made a s t u d y of low f lows 
o f I l l i n o i s s t r e a m s f o r use i n impounding r e s e r v o i r d e s i g n . The d r a i n a g e a r e a s 
f o r t h e 164 b a s i n s used in h i s s t u d y had a median a r e a of 170 m i 2 and on ly 25% 
o f t h e b a s i n s had a r e a s exceed ing 600 m i 2 . L i g h t t o modera te d r o u g h t s i n which 
p o t e n t i a l b e n e f i t s from c loud s e e d i n g cou ld b e ve ry s u b s t a n t i a l sometimes 
encompass on ly a few hundred s q u a r e m i l e s ( s e e 1969 example in P a r t I I o f t h i s 
r e p o r t ) . A l s o , i n a s c i e n t i f i c a l l y o r i e n t e d e x p e r i m e n t i n which s t a t i s t i c a l 
a n a l y s e s o f s u r f a c e p r e c i p i t a t i o n a r e t h e p r imary means o f v e r i f i c a t i o n , 
c l i m a t i c and t o p o g r a p h i c homogenei ty can n o t u s u a l l y b e m a i n t a i n e d ove r l a r g e 
a r e a s . This c o m p l i c a t e s t h e v e r i f i c a t i o n p rob lem. 
In t h e NSF-1360 s t u d i e s , comparisons o f v e r i f i c a t i o n methods have 
been con f ined t o t h e use o f s t a n d a r d s t a t i s t i c a l d e s i g n s a p p l i e d t o s u r f a c e 
p r e c i p i t a t i o n measurements i n t h e manner used b y p a s t i n v e s t i g a t o r s . E v a l u a t i o n 
of t h e c loud model p r e d i c t i o n t e c h n i q u e s , such as p r o p o s e d by Simpson (1967) 
and W e i n s t e i n and Davis ( 1 9 6 8 ) , a r e beyond t h e scope o f t h e I l l i n o i s s t u d i e s 
concerned w i t h t h e n a t u r a l d i s t r i b u t i o n c h a r a c t e r i s t i c s o f s u r f a c e p r e c i p i t a t i o n . 
RAINGAGE NETWORKS USED IN RESEARCH 
Data from 5 dense ne tworks of r a i n g a g e s o p e r a t e d in I l l i n o i s by t h e 
S t a t e Water Survey were employed i n v a r i o u s p h a s e s o f t h e r e s e a r c h conduc ted 
under NSF-1360. L o c a t i o n s o f t h e s e ne tworks a r e shown in F i g . 1 . 
The P a n t h e r Creek Network in n o r t h c e n t r a l I l l i n o i s enve loped an a r e a 
o f 100 mi 2 i n r u r a l , r e l a t i v e l y f l a t t e r r a i n and was o p e r a t e d du r ing t h e p e r i o d 
1950-1961 . Dur ing mos t o f i t s h i s t o r y (1954-1961) i t c o n s i s t e d o f 9 r e c o r d i n g 
g a g e s , a l t h o u g h e a r l i e r i t c o n t a i n e d up to 40 g a g e s . The Boneyard Network was 
a n urban n e t w o r k , a l s o l o c a t e d i n a r e g i o n o f f l a t t e r r a i n , c o n s i s t i n g o f 1 0 - 1 1 
r e c o r d i n g gages on 10 mi 2 and was o p e r a t e d d u r i n g t h e p e r i o d 1949-1967 . 
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Figure 1. Raingage network locations. 
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The E a s t C e n t r a l I l l i n o i s Network was t h e p r i m a r y network used in t h e 
s t u d i e s d e s c r i b e d i n t h i s r e p o r t . I t c o n s i s t e d o f 4 9 r e c o r d i n g gages a r r a n g e d 
i n a n e a r l y uniform g r i d p a t t e r n i n a 400 mi 2 r u r a l a r e a o f r e l a t i v e l y f l a t 
t e r r a i n i n c e n t r a l I l l i n o i s , i n t h e h e a r t o f t h e h y b r i d corn and soybean r e g i o n . 
E l e v a t i o n s r anged from 650 f t MSL in t h e s o u t h to 910 f t MSL in t h e n o r t h e r n 
p a r t of t h e 400 m i 2 . The network was in o p e r a t i o n from 1955 t h r o u g h 1967 w i t h 
n o s i g n i f i c a n t changes i n gage l o c a t i o n s d u r i n g t h e sampl ing p e r i o d . This 
ne twork was expanded to i n c l u d e 1600 m i 2 in 1968. 
The L i t t l e Egypt Network of 49 gages in 550 m i 2 in s o u t h e r n I l l i n o i s 
was o p e r a t e d du r ing 1958-1967 and r anked second in impor t ance i n t h e s t u d i e s 
conduc ted unde r NSF-1360. This network c o n s i s t e d of 25 r e c o r d i n g and 24 
n o n - r e c o r d i n g gages du r ing most o f i t s h i s t o r y . I t was a l s o l o c a t e d i n r u r a l 
f l a t l a n d s , t h e t o t a l r e l i e f o f t h e l a n d r a n g i n g from 350 f t MSL in t h e w e s t 
to 600 f t MSL in t h e s o u t h e a s t . 
The Shawnee Network of 44 r e c o r d i n g gages was i n s t a l l e d in 1964 in an 
a r e a o f 700 mi 2 e x t e n d i n g sou thward from t h e L i t t l e Egypt Network. Th i s network 
s t r a d d l e s a r e l a t i v e l y narrow e a s t - w e s t o r i e n t e d h i l l a r e a i n which t h e h i l l s 
r i s e a b r u p t l y from t h e f l a t l a n d s , a l t hough t h e t o t a l r e l i e f r a n g e s on ly from 
300 t o 1025 f t MSL. 
TIME AND SPACE VARIABILITY STUDIES 
Mesosca le S p a t i a l V a r i a b i l i t y i n Midwestern P r e c i p i t a t i o n 
I n w e a t h e r m o d i f i c a t i o n s t u d i e s , n a t u r a l v a r i a b i l i t y must b e c o n s i d e r e d 
i n b o t h t h e p l a n n i n g and v e r i f i c a t i o n o f f i e l d e x p e r i m e n t s . F a i l u r e t o d o s o 
may l e a d to p o o r l y d e s i g n e d sampl ing programs and i n v a l i d i n t e r p r e t a t i o n o f 
e x p e r i m e n t a l r e s u l t s . Knowledge o f t h e s p a t i a l v a r i a b i l i t y o f n a t u r a l 
p r e c i p i t a t i o n i s e s p e c i a l l y p e r t i n e n t i n c loud s e e d i n g e x p e r i m e n t s i n v o l v i n g 
t a r g e t - c o n t r o l compar i sons . I t i s h e l p f u l i n t h e s e l e c t i o n o f e x p e r i m e n t a l 
a r e a s , i n t h e d e t e r m i n a t i o n o f sampl ing p r o c e d u r e s , i n t h e e s t a b l i s h m e n t o f 
p r e c i p i t a t i o n measurement n e t w o r k s , and i n t h e s t a t i s t i c a l i n t e r p r e t a t i o n o f 
t h e s e e d i n g r e s u l t s . P r e c i p i t a t i o n v a r i a b i l i t y has been t h e p r imary o b s t a c l e 
i n e f f o r t s t o s e c u r e a n immediate answer t o t h e q u e s t i o n o f t h e e f f i c a c y o f 
c loud s e e d i n g . 
Data from s e v e r a l dense r a i n g a g e ne tworks i n I l l i n o i s ( F i g . 1 ) were 
a n a l y z e d t o o b t a i n q u a n t i t a t i v e measures o f t h e s p a t i a l r e l a t i v e v a r i a b i l i t y 
on a m e s o s c a l e f o r s t o r m , m o n t h l y , and e x t e n d e d p e r i o d p r e c i p i t a t i o n in a 
t y p i c a l midwes te rn c l i m a t e . R e s u l t s s h o u l d b e a p p l i c a b l e a l s o t o o t h e r a r e a s 
o f s i m i l a r p r e c i p i t a t i o n c l i m a t e and t o p o g r a p h y . The s p a t i a l r e l a t i v e 
v a r i a b i l i t y was o b t a i n e d by d i v i d i n g t h e average d e v i a t i o n by t h e mean and 
m u l t i p l y i n g by 100. 
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The spa t i a l re la t ive var iabi l i ty of storm precipi tat ion was found to be 
related exponentially to mean precipi ta t ion . The relat ion was not s ignif icant ly 
improved by adding other variables , such as storm duration and maximum storm 
precipi ta t ion. The relat ive var iab i l i ty tends to increase with increasing area 
and was substantial ly greater with unstable types of precipi tat ion (RW, TRW) 
than with steady types (R, S) as shown in Fig. 2a. Grouped by synoptic storm 
type, the highest re la t ive var iabi l i ty was obtained with a i r mass storms and 
the lowest with low center passages (Fig. 2b). 
The re la t ive va r i ab i l i t y , although a useful parameter to evaluate the 
general effects of various meteorological factors upon storm spat ia l va r i ab i l i t y , 
displays large differences between storms of similar precipi tat ion volume, 
precipi ta t ion type, and synoptic storm type. Because of i t s interstorm 
i n s t a b i l i t y , it is not a desirable parameter in i t s e l f for the evaluation of 
weather modification experiments. 
Monthly precipi tat ion var iabi l i ty showed l i t t l e difference between f a l l , 
winter, and spring months, but large differences between the cold season months 
and summer if precipitat ion to ta ls were l igh t . Determination of average 
re la t ive var iab i l i ty for extended periods of 3 to 60 months indicated that 
the var iab i l i ty minimizes to a constant after time periods of 24 months are 
integrated into the calculation, and that the average spa t ia l var iabi l i ty 
becomes minor when precipi tat ion is summed for several years over an area of 
re la t ively homogeneous precipi tat ion climate. 
Huff and Shipp (1968) have discussed the spa t i a l var iabi l i ty study in 
de t a i l , and the reader is referred to t h e i r published paper and Part II for 
more specific information on the subject. 
Climatological Assessment of Natural Precipi tat ion Characteristics for 
Use in Weather Modification 
Data from 1344 storms collected during a 12-year operation on the East 
Central I l l i no i s Network (Fig. 1) were used to determine the precipi tat ion 
distr ibution characteris t ics on areas ranging from a point to 400 mi 2 , and to 
demonstrate the use of derived dis t r ibut ion relat ions in evaluating the 
potential effects of cloud seeding on such areas. Distributions were defined 
by rela t ing magnitude of storm precipi ta t ion to both cumulative percent of 
t o t a l precipi tat ion and cumulative percent of t o t a l number of storms per season 
and year. St ra t i f ica t ions of the data according to storm intensi ty and duration, 
precipi tat ion type, synoptic weather type, and re la t ive wetness or dryness of 
seasonal and annual precipi tat ion were tes ted to evaluate the i r influences 
upon the distr ibution character is t ics . 
Seasonally and annually the most s ignif icant differences between 
distr ibution curves were found when the data were grouped by storm duration. 
Fig. 3 shows the average annual distr ibut ions of the t o t a l precipi tat ion and 
number of storm occurrences grouped by duration. Variations between synoptic 
weather types resulted primarily from the tendency for some types to have a 
larger percentage of the i r storms with re la t ively long or short durations. 
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Figure 2. Storm r e l a t i v e v a r i a b i l i t y r e l a t i o n s on 400-mi2 a rea . 
Figure 3. Relations between precipitat ion distr ibution and 
storm duration on annual summation basis . 
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Simi l a r l y , no s t rong t r end was found for large d i f ferences between d i s t r i b u t i o n 
curves for p r e c i p i t a t i o n type . Air mass storms were found to become inc reas ing ly 
important in dry p e r i o d s , accounting for 26% of the growing season r a i n f a l l in 
the 3 d r i e s t y e a r s , compared with 17% for the 12-year sampling per iod and 7% in 
the 3 we t t e s t years . 
From the p r e c i p i t a t i o n d i s t r i b u t i o n s , nomograms were developed to aid 
ca l cu la t ion of p o t e n t i a l bene f i t s from cloud seeding under various seeding 
c a p a b i l i t i e s during the growing season (May - September) and during the 
water-supply replenishment season (October - A p r i l ) . Examples are shown in 
Fig. 4 for an assumed seeding-induced increase of 20% for storm p r e c i p i t a t i o n 
grouped by season and storm dura t ion . Seedable l i m i t in t h i s i l l u s t r a t i o n 
r e f e r s to the heav i e s t storm tha t is amenable to seeding . Thus, assuming only 
storms with n a t u r a l r a i n f a l l of 1 inch or l e s s and durat ions of 3 hours or 
l e s s are subjected to seed ing , a seeding-induced inc rease of 20% would r e s u l t 
in a t o t a l r a i n f a l l i nc rease of only 4% during the growing season. 
Inves t iga t ions of the r e l a t i o n s h i p between the d i s t r i b u t i o n s of po in t 
and a rea l mean r a i n f a l l and between storm and da i ly p r e c i p i t a t i o n were made 
through use of the network data and long-term Weather Bureau c l ima t i c s t a t i o n s 
in I l l i n o i s . Results i nd ica t ed t h a t for areas up to seve ra l hundred square 
miles da i ly po in t r a i n f a l l t o t a l s can be used to obta in a reasonable es t imate 
of the p r e c i p i t a t i o n d i s t r i b u t i o n c h a r a c t e r i s t i c s , and, consequently, aid in 
the evaluat ion of p o t e n t i a l seeding b e n e f i t s . 
A genera l conclusion from t h i s study is t h a t cloud seeding must produce 
la rge increases in r a i n f a l l under favorable circumstances and/or i n i t i a t e 
s u b s t a n t i a l r a i n f a l l from non-p rec ip i t a t i ng c louds , i f s u b s t a n t i a l con t r ibu t ions 
are to be made to the a g r i c u l t u r a l indust ry and municipal water suppl ies under 
I l l i n o i s c l ima t i c cond i t ions . 
The reader is r e f e r r ed to a paper by Huff (1969a) and Par t II for more 
s p e c i f i c d e t a i l s on t h i s s tudy . 
Effects of Natura l Ra in fa l l Va r i ab i l i t y in Evaluat ing Cloud Seeding 
Experiments 
I n i t i a l Study. In an e a r l i e r s tudy , Huff (1966) used data from four 
dense raingage networks in I l l i n o i s to i n v e s t i g a t e the e f f ec t of n a t u r a l r a i n f a l l 
v a r i a b i l i t y upon v e r i f i c a t i o n of cloud seeding experiments in midwestern warm 
season r a i n f a l l . Hypothet ica l seeding experiments were made on network da ta 
for per iods of 1 to 5 months during May to September and for durat ions of 1 to 
10 y e a r s . Both t a r g e t - c o n t r o l and s i n g l e - a r e a randomized experiments were 
i nves t i ga t ed . A simple grouping of the data i n t o a i r mass storms and a l l storm 
combined was used in the s tudy . 
Resul ts ind ica ted tha t the background in t e r f e rence from n a t u r a l r a i n f a l l 
v a r i a b i l i t y is s u b s t a n t i a l in warm season p r e c i p i t a t i o n , and c l ea r ly i l l u s t r a t e d 
the p i t f a l l s in eva lua t ing the e f fec t s of cloud seeding from shor t - te rm 
experiments. However, a number of quest ions were r a i s e d as a r e s u l t of t h i s 
e a r l i e r s tudy. These included the comparable e f f ec t s of n a t u r a l r a i n f a l l in 
Figure 4. Effects of 20% seeding-induced increases in storms of 
s e l ec t ed durat ion on t o t a l seasonal p r e c i p i t a t i o n . 
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other seasons , the inf luence of a rea l mean r a i n f a l l (storm magnitude) in 
seeding e v a l u a t i o n s , and the e f f ec t of storm durat ion in ver i fy ing modif icat ion 
e f f e c t s . Consequently, the e a r l i e r study was considerably expanded under 
NSF-1360 in an e f f o r t to answer these ques t ions . 
NSF-1360 Study. In the expanded s tudy , data were used for the> 10-year 
period 1955-1964, pr imar i ly from the East Central I l l i n o i s Network of 49 
recording raingages in 400 mi 2 . For comparative purposes , c e r t a in analyses 
were performed on da ta from the L i t t l e Egypt Network of 49 raingages in 550 mi 2 . 
The primary purpose of t h i s research was to provide q u a n t i t a t i v e da ta 
on n a t u r a l p r e c i p i t a t i o n v a r i a b i l i t y which, in t u r n , may be u t i l i z e d in the 
planning and design of cloud seeding experiments to e s t a b l i s h the c a p a b i l i t y 
of producing r a i n f a l l increases during the crop growing season and/or those 
months during which water supply replenishment normally maximizes. The study 
was r e s t r i c t e d to areas of county s ize or smal ler for which network p r e c i p i t a t i o n 
data were ava i l ab le for accurate de f in i t i on of the n a t u r a l r a i n f a l l v a r i a b i l i t y . 
The e f fec t s of storm dura t ion , a r e a l mean p r e c i p i t a t i o n , and storm types 
upon the background in t e r f e rence created by n a t u r a l p r e c i p i t a t i o n v a r i a b i l i t y 
were i n v e s t i g a t e d on a seasonal and annual b a s i s . This was done for both 
randomized sampling of a s ing le area and t a r g e t - c o n t r o l types of experiments 
to determine whether the inf luence of n a t u r a l r a i n f a l l v a r i a b i l i t y can be lowered 
s i g n i f i c a n t l y through various s t r a t i f i c a t i o n s of the da ta . 
. Comparison of the e f fec t s of n a t u r a l p r e c i p i t a t i o n v a r i a b i l i t y on the 
s i n g l e - a r e a and cross-over t a r g e t - c o n t r o l types of experiments i nd i ca t e s t ha t 
the v a r i a b i l i t y in te r fe rence i s appreciably l e s s with the t a r g e t - c o n t r o l 
experiments , as p red ic ted by s t a t i s t i c a l theory , provided t h a t the t a r g e t and 
cont ro l are close toge the r . As the dis tance i n c r e a s e s , the s u p e r i o r i t y of 
the t a r g e t - c o n t r o l method decreases . In the I l l i n o i s s tudy , the s u p e r i o r i t y 
was r e l a t i v e l y smallwhen t a r g e t and con t ro l were separa ted by 125 m i l e s , the 
dis tance between the two dense raingage networks. 
However, when t e s t s of the n a t u r a l v a r i a b i l i t y e f fec t on cross-over 
t a r g e t - c o n t r o l experiments were made on adjacent t a r g e t and cont ro l areas 
(SW and NE halves of raingage network) , the s u p e r i o r i t y of t h i s method over 
the s i n g l e - a r e a randomizing was very s u b s t a n t i a l . This is i l l u s t r a t e d in 
Table 1 which was ex t rac ted from Par t II of the Final Report. Here, the 
two sampling methods were appl ied to a l l win te r and summer storms with means 
of 0.11 to 1.00 inch during the 5-year per iod 1960-1964. The p r o b a b i l i t y 
d i s t r i b u t i o n s were obtained through randomizing the ac tua l da ta for the 5-year 
per iod 100 times with each sampling method. P r o b a b i l i t i e s were then expressed 
in terms of the r a t i o of p r e c i p i t a t i o n in hypo the t i ca l ly seeded storms or 
areas ( t a r g e t r a i n f a l l ) to t ha t in unseeded storms or areas ( con t ro l r a i n f a l l ) . 
For example, Table 1 ind ica te s a p r o b a b i l i t y of 5% tha t the n a t u r a l v a r i a b i l i t y 
in summer r a i n f a l l over a 5-year period w i l l r e s u l t in an apparent seeding 
induced increase of 23% with the s i n g l e - a r e a type of experiment, even though 
there was abso lu te ly no seeding e f f e c t . This n a t u r a l l y occurring increase at 
the 5% level , decreases to 11% with the cross-over t a r g e t - c o n t r o l type of 
experiment. 
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Table 1. Comparison of background in t e r f e rence from n a t u r a l 
v a r i a b i l i t y between s i n g l e - a r e a randomized and 
cross-over t a r g e t - c o n t r o l sampling methods , based 
on 1960-1964 storms with means of 0.11 to 1.00 
inch . 
* S.A. — Single Area 
** T-C -- Cross-Over Target-Control 
With adjacent t a r g e t and con t ro l areas the contamination problem is 
a cu t e , and some separa t ion would undoubtedly be necessary under ope ra t iona l 
cond i t ions . The r e s u l t s provided from the two networks used in the I l l i n o i s 
s tud ie s provide es t imates of the minimum and maximum e f f ec t s of n a t u r a l 
p r e c i p i t a t i o n v a r i a b i l i t y i n t a r g e t - c o n t r o l experiments . 
I nves t i ga t i on of the e f f ec t s of s t r a t i f y i n g the p r e c i p i t a t i o n da ta 
according to a r e a l mean p r e c i p i t a t i o n ind ica ted some advantage in the s i n g l e - a r e a 
experiments and no s i g n i f i c a n t advantage in the c ross-over t a r g e t - c o n t r o l t e s t s . 
Storm dura t ion s t r a t i f i c a t i o n was found to have a small e f f e c t on v e r i f i c a t i o n 
of seeding e f f ec t s with both t echn iques . Seasonal s t r a t i f i c a t i o n of da ta had 
a moderate in f luence . 
In g e n e r a l , i t was found t h a t the data s t r a t i f i c a t i o n by decreasing the 
t e s t sample s i z e and in some c a s e s , increas ing the variance of i nd iv idua l s about 
the mean, i n t e n s i f i e d the problem of ver i fy ing seeding e f f e c t s . This was 
p a r t i c u l a r l y t rue with the s ing l e area technique in which in te r s to rm v a r i a b i l i t y 
is a s t ronger f ac to r than in the c ross-over t a r g e t - c o n t r o l method. 
Reference should be made to P a r t II of t h i s F ina l Report and the e a r l i e r 
publ ished paper by Huff (1966) for a d e t a i l e d desc r ip t ion of da ta used, a n a l y t i c a l 
procedures employed, r e s u l t s of a n a l y s e s , and conclusions reached in conjunction 
with various phases of the h y p o t h e t i c a l seeding s tudy . 
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Corre la t ion of Storm, Monthly, and Seasonal P r e c i p i t a t i o n 
One approach to defining sampling requirements for p r e c i p i t a t i o n 
measurement networks is through s t a t i s t i c a l c o r r e l a t i o n methods. Data from 
th ree dense raingage networks in I l l i n o i s were used with t h i s method on 
r a i n f a l l measurements ranging from 1-minute r a t e s to t o t a l s torm, monthly, 
and seasonal amounts. S p a t i a l c o r r e l a t i o n pa t t e rn s were e s t a b l i s h e d for the 
data grouped according to season, p r e c i p i t a t i o n t y p e , synopt ic weather t y p e , 
storm i n t e n s i t y and du ra t i on , storm movement, and o the r f a c t o r s . The r e s u l t s 
obtained from t h i s study should be genera l ly r e p r e s e n t a t i v e of the Midwest 
and other areas with s i m i l a r p r e c i p i t a t i o n c l ima tes . 
Corre la t ion decay with d i s t a n c e , used to i nd ica t e sampling requirements 
for e s t a b l i s h i n g r a i n f a l l p a t t e r n s , was g r e a t e s t in thunders torms, ra inshowers , 
and a i r mass s torms. Conversely, minimum decay occurred with steady ra in and 
the passage of low pressure c e n t e r s . Seasonal ly , the c o r r e l a t i o n decay with 
d is tance in storms was much g r e a t e r in the growing season, May-September, than 
during the October-April per iod when water supply replenishment normally 
maximizes. For 90-% explained va r i ance , on the average, in a l l storms combined, 
a gage spacing of 2 miles is needed in the warm season compared with 6 miles in 
the cold season. However, i f s i m i l a r accuracy is requi red in a i r mass s to rms , 
the gage spacing must be decreased to 1 mi le . If measurements are to be made 
only in low center passages , a spacing of 8-10 miles is adequate for the above 
accuracy l e v e l . Examples of the decay of co r r e l a t i on coe f f i c i en t with dis tance 
in warm season storms on the dense raingage networks are shown in F igs . 5 and 
6 for 1) s e l e c t e d synopt ic weather and r a i n f a l l t y p e s , and 2) for 1-minute 
r a i n f a l l r a t e s which provide a close approximation of the ins tantaneous p a t t e r n 
of storm r a i n f a l l . 
S p a t i a l c o r r e l a t i o n inc reased , on the average, with increas ing durat ion 
in storms l a s t i n g up to approximately 12 h o u r s , a f t e r which the t rend reversed . 
E r r a t i c t rends were found when the storms were grouped according to network 
mean p r e c i p i t a t i o n . General improvement in co r r e l a t i on occurred when the storms 
were grouped by wind d i r e c t i o n and storm movement. 
D i r ec t iona l ly , s l i g h t l y h igher co r re l a t ions were obtained in W-E and 
SW-NE d i r ec t ions compared with those made in N-S and NW-SE d i r ec t i ons across 
the networks. Large d i f ferences were not found between t o t a l s torm, monthly, 
and seasonal c o r r e l a t i o n r e l a t i o n s , so t h a t a t o t a l storm sampling network 
should s a t i s f y sampling needs for a l l of these p e r i o d s . However, sampling 
requirements are much g r e a t e r when the measurements of r a i n f a l l r a t e are needed. 
For example, with a minimum acceptance of 75-% explained variance between 
sampling p o i n t s , a gage spacing of 0 .3 mile is needed for 1-minute average 
r a t e s compared with 7.5 miles for t o t a l storm r a i n f a l l in warm season s torms. 
The reader is r e f e r r ed to a paper by Huff and Shipp (1969) and Pa r t II 
of t h i s r epo r t for a d e t a i l e d desc r ip t ion of t h i s s p a t i a l c o r r e l a t i o n s tudy . 
Figure 5. Cor re la t ion p a t t e r n s of synopt ic types in May-September 
storms on 400 mi2 a rea . 
Figure 6. Corre la t ion p a t t e r n s of p r e c i p i t a t i o n types and 
r a i n r a t e s in warm season s torms. 
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Cor re la t ion of Storm Mean P r e c i p i t a t i o n Between Areas 
To aid in the determinat ion of sampling requirements for weather 
modif icat ion exper iments , analyses were made of the c o r r e l a t i o n of storm mean 
p r e c i p i t a t i o n between contiguous and separa ted sampling a r e a s . Data for the 
5-year per iod 1960-1964 were used in the s tudy. 
The contiguous sampling areas were the southwestern and nor theas t e rn 
halves of the East Cent ra l I l l i n o i s Network. The centers of these contiguous 
areas are approximately 14 miles a p a r t . Several methods of s t r a t i f y i n g the 
p r e c i p i t a t i o n da ta were i n v e s t i g a t e d to evaluate seasonal and meteorologica l 
e f f ec t s on the degree of c o r r e l a t i o n . The analyses were r e s t r i c t e d to storms 
in which the a r e a l mean equal led or exceeded 0 .01 inch on the 400-mi2 network. 
Cor re la t ion coe f f i c i en t s were determined between the 400-mi2 network and 
the Boneyard urban network of 10 mi 2 (F ig . l) to obtain a measure of the change 
in c o r r e l a t i o n of storm mean p r e c i p i t a t i o n with increas ing d is tance between 
a r ea s . The centers of these networks are approximately 30 miles apar t in a 
wes t - ea s t d i r e c t i o n , and t h e i r c l o s e s t boundaries are separa ted by approximately 
16 mi l e s . 
The r e s u l t s i nd i ca t e t h a t c o r r e l a t i o n of mean storm p r e c i p i t a t i o n between 
nearby areas i s considerably b e t t e r in the October-Apri l pe r iod (co ld season) 
than in the May-September per iod (warm season) . S t r a t i f i c a t i o n of p r e c i p i t a t i o n 
according to mean r a i n f a l l may be des i rab le in the growing season per iod for 
e s t a b l i s h i n g v e r i f i c a t i o n procedures in weather modi f ica t ion . However, there 
appears to be no s i g n i f i c a n t advantage in doing so in the colder p a r t of the 
yea r , according to the c o r r e l a t i o n ana lyses . 
The r e s u l t s provide some support for grouping by synopt ic weather and 
p r e c i p i t a t i o n types . Air mass s to rms , which are f requent ly small in a r e a l ex tent 
and widely va r i ab le in r a i n f a l l i n t e n s i t y , do not c o r r e l a t e as s t rong ly between 
adjacent sampling areas as f r o n t a l storms and low center passages , which 
c h a r a c t e r i s t i c a l l y encompass l a r g e r areas than a i r mass showers. Steady ra ins 
c o r r e l a t e somewhat b e t t e r than the showery types . 
As expected, there was a s u b s t a n t i a l d i f ference in c o r r e l a t i o n between 
the contiguous areas and the East Centra l I l l ino i s -Boneyard combination. Combining 
a l l data for the 5 y e a r s , the re was a decrease in explained variance of 23% 
when the d is tance between a r e a l centers was increased from 14 to 30 m i l e s . 
A more d e t a i l e d desc r ip t ion of the various c o r r e l a t i o n analyses is provided 
in Pa r t I I o f t h i s f i n a l r e p o r t . 
Var ia t ion of Point Ra in fa l l with Distance 
Def in i t ion of n a t u r a l r a i n f a l l g r a d i e n t s , along with o ther c h a r a c t e r i s t i c s 
of the surface r a i n f a l l d i s t r i b u t i o n , is usefu l in the planning and evaluat ion 
of r a i n modif ica t ion experiments in which surface r a i n f a l l measurements are 
employed to ver i fy the r e s u l t s of cloud seeding. Several s t ud i e s have been made 
in recent years in I l l i n o i s to provide q u a n t i t a t i v e information on r a i n f a l l 
g rad ien t s in midwestern s torms. Huff (1967a) presented r e l a t i o n s h i p s for r a i n f a l l 
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grad ien t s of t o t a l storm r a i n f a l l in warm season s torms. Huff, Shipp, and 
Schickedanz (1969) i nves t i ga t ed r a i n f a l l g rad ien t s of r a i n f a l l r a t e in warm 
season r a i n f a l l through use of 1-minute r a i n f a l l amounts from a s p e c i a l 
network of ra ingages . 
Under NSF-1360, the e a r l i e r s t u d i e s were expanded to determine r a i n f a l l 
g rad ien t s in monthly and seasonal p r e c i p i t a t i o n . Thus, we now have ava i l ab le 
q u a n t i t a t i v e es t imates of p r e c i p i t a t i o n g rad ien t s appl icable in I l l i n o i s and 
o ther midwestern regions for time i n t e r v a l s ranging from 1 minute to s eve ra l 
months. These th ree s tud ies c e r t a i n l y do not provide answers to a l l quest ions 
which users may have, but they do add to our b a s i c knowledge on the n a t u r a l 
d i s t r i b u t i o n of p r e c i p i t a t i o n . 
The major difference found in monthly p r e c i p i t a t i o n grad ien ts between 
the growing season (May-September) and cold season (October-Apri l) was with 
r e l a t i v e l y l i g h t monthly amounts of 2 inches or l e s s . The growing season 
exh ib i t ed s u b s t a n t i a l l y l a r g e r g rad ien t s in these months. In g e n e r a l , however, 
t o t a l monthly r a i n f a l l did not exe r t a s t rong cont ro l on the v a r i a t i o n of point 
r a i n f a l l with d i s t ance . I n s t ead , i t was found t h a t the monthly p r e c i p i t a t i o n 
g rad ien t s were con t ro l l ed to a l a rge ex ten t by the heavy storm p a t t e r n s 
experienced during the month r a t h e r than the t o t a l volume of monthly p r e c i p i t a t i o n . 
The monthly analyses i nd ica t ed t h a t dense networks would be requi red to 
determine small p r e c i p i t a t i o n changes with dis tance in s p e c i f i c months, as might 
be requi red in weather modif icat ion v e r i f i c a t i o n programs. For example, in the 
I l l i n o i s study i t was found tha t the average dif ference during the growing 
season reached 10% at a d is tance of 2 miles from a given po in t for monthly t o t a l s 
l e s s than 2 inches , and at 3 miles for amounts of 2 to 4 inches . 
The May-September t o t a l r a i n f a l l was used as a measure of the po in t 
r a i n f a l l g rad ien t on a seasonal b a s i s . The percentage v a r i a t i o n in p r e c i p i t a t i o n 
with d is tance decreased s u b s t a n t i a l l y from t h a t in monthly p r e c i p i t a t i o n , and 
remained e s s e n t i a l l y constant a f t e r reaching a value of 6% at 3 m i l e s . 
The change in r a i n f a l l g rad ien t with increas ing time i n t e g r a t i o n of 
p r e c i p i t a t i o n is i l l u s t r a t e d by the following example, based on the three s tud ie s 
described e a r l i e r . The average percentage difference in po in t r a i n f a l l r a t e s 
2 miles apar t with a moderate summer r a t e of 0.5 i n / h r is 63%. With a moderate 
monthly r a i n f a l l of 3.50 inches in the May-September p e r i o d , the average 2-mile 
d i f ference is only 8%, and th i s decreases to 5% for the 5-month season 
May-September. 
More d e t a i l e d descr ip t ions of the monthly and seasonal g rad ien t analyses 
are contained in Par t I I of t h i s r e p o r t . Storm r a i n f a l l r e l a t i o n s are t r e a t e d 
in references l i s t e d above. 
S t a t i s t i c a l Models of Rainstorms 
If one hypothes izes , as have some i n v e s t i g a t o r s in weather modi f ica t ion , 
t h a t cloud seeding w i l l increase the durat ion and decrease the i n t e n s i t y of 
r a in s to rms , then the n a t u r a l time d i s t r i b u t i o n p r o p e r t i e s should be s u b s t a n t i a l l y 
- 1 8 -
modified in seeded s torms. This modif icat ion c o n s t i t u t e s a p o t e n t i a l means 
of ver i fy ing the cloud seeding t r ea tmen t , provided t h a t the n a t u r a l d i s t r i b u t i o n 
has p r o p e r t i e s s u f f i c i e n t l y cons i s t en t and s t a b l e so tha t modest changes can 
be recognized above the background noise l e v e l of the n a t u r a l v a r i a b i l i t y . 
Consequently, i t was considered des i r ab le in our NSF-1360 research to i n v e s t i g a t e 
the n a t u r a l time d i s t r i b u t i o n p r o p e r t i e s of storm r a i n f a l l . 
In an e a r l i e r s tudy , Huff (1967b) developed time d i s t r i b u t i o n r e l a t i o n s 
in the form of s t a t i s t i c a l models for storms of moderate to heavy i n t e n s i t y on 
areas ranging up to 400 mi 2 . These models were presented in p r o b a b i l i t y terms 
to provide q u a n t i t a t i v e information on in t e r s to rm v a r i a b i l i t y and to provide 
average and extreme r e l a t i o n s for var ious app l i ca t ions of the f ind ings . It was 
found t h a t the r e l a t i o n s could be represented b e s t by r e l a t i n g percent of storm 
r a i n f a l l to percen t of t o t a l storm time and grouping the da ta according to the 
q u a r t i l e in which r a i n f a l l was h e a v i e s t . The ind iv idua l e f f ec t s of mean r a i n f a l l , 
storm dura t ion , and o ther storm fac to rs were small and e r r a t i c in behavior when 
the foregoing a n a l y t i c a l technique was used. Size of sampling area had a small 
bu t cons i s t en t e f f e c t upon the time d i s t r i b u t i o n . 
The s t a t i s t i c a l models for moderate to heavy storms showed t h a t the 
in t e r f e rence l eve l of n a t u r a l v a r i a b i l i t y i s too g r e a t for the de tec t ion of 
modest changes from cloud seeding wi th in a reasonable period of exper imentat ion. 
Therefore , app l i ca t ion of these models as a v e r i f i c a t i o n t o o l in weather 
modif icat ion does not appear promising at t h i s t ime. 
The s t a t i s t i c a l models discussed above were derived from data for r e l a t i v e l y 
heavy storm i n t e n s i t i e s . However, as a r e s u l t of o the r analyses performed on 
1-minute r a i n f a l l data (Huff, Shipp, and Schickedanz, 1969), it was concluded 
t h a t the r e s u l t s of the heavy storm study are a p p l i c a b l e , as a f i r s t approximation, 
for der iving the time d i s t r i b u t i o n c h a r a c t e r i s t i c s of a l l warm season s torms. 
In view of these f indings and the ques t ionable u t i l i t y of r a i n f a l l time 
d i s t r i b u t i o n s as a v e r i f i c a t i o n t o o l in weather modi f ica t ion , no a d d i t i o n a l work 
on t h i s sub jec t was pursued under NSf-1360. 
Reference should be made to Pa r t II of t h i s f i n a l r epo r t and to the 
references c i t e d for a more d e t a i l e d desc r ip t i on of these s t u d i e s . 
Sequent ia l V a r i a b i l i t y and Lag Corre la t ions of Storm P r e c i p i t a t i o n 
In ters torm v a r i a b i l i t y of a r e a l mean p r e c i p i t a t i o n was i nves t i ga t ed through 
ca lcu la t ions of s e q u e n t i a l v a r i a b i l i t y and lag co r r e l a t i ons to provide a d d i t i o n a l 
information on the time d i s t r i b u t i o n p r o p e r t i e s . Data from the East Centra l 
I l l i n o i s Network were grouped by May-September and October-April per iods for t h i s 
purpose. The s e q u e n t i a l v a r i a b i l i t y takes account of both the magnitude and 
sequence of the sample mean p r e c i p i t a t i o n in cha rac te r i z ing the time v a r i a b i l i t y , 
and, t h e r e f o r e , was considered supe r io r to the s tandard or average devia t ion for 
eva lua t ion purposes . 
The r e s u l t s of these analyses are p resen ted in P a r t II of t h i s f i n a l 
r e p o r t . In g e n e r a l , both analyses lend fu r the r support to the conclusions of 
the previous sec t ion regarding the l imi ted app l i ca t i on of time d i s t r i b u t i o n 
parameters as v e r i f i c a t i o n too l s in weather modif icat ion experiments . 
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D i u r n a l D i s t r i b u t i o n o f Storm R a i n f a l l 
C l i m a t o l o g i c a l l y , t h e d i u r n a l d i s t r i b u t i o n o f r a i n f a l l i s c h a r a c t e r i z e d 
b y d i s t i n c t maxima and minima i n t h e h o u r l y d i s t r i b u t i o n o f t o t a l r a i n f a l l i n 
a r e a s o f s i m i l a r p r e c i p i t a t i o n c l i m a t e . I f t h e d i u r n a l d i s t r i b u t i o n f o r a 
g i v e n r e g i o n and s e a s o n remained r e l a t i v e l y s t a b l e from y e a r t o y e a r and c l o u d 
s e e d i n g s u b s t a n t i a l l y a l t e r e d t h e magni tude a n d / o r t ime sequence o f t h e maxima 
and minima, t h e n t h e d i u r n a l d i s t r i b u t i o n cou ld s e r v e a s a v a l u a b l e t o o l i n 
t h e v e r i f i c a t i o n o f w e a t h e r m o d i f i c a t i o n e x p e r i m e n t s . 
C o n s e q u e n t l y , a l i m i t e d s t u d y o f t h e n a t u r a l v a r i a b i l i t y i n t h e d i u r n a l 
d i s t r i b u t i o n o f s to rm r a i n f a l l i n I l l i n o i s was u n d e r t a k e n under NSF-1360 th rough 
use o f d a t a from t h e E a s t C e n t r a l I l l i n o i s and L i t t l e Egypt Networks ( F i g . 1 ) . 
D e t a i l s o f t h i s s t u d y a r e p r e s e n t e d i n P a r t I I o f t h i s r e p o r t . The o v e r a l l 
c o n c l u s i o n from t h e s e d i u r n a l s t u d i e s was t h a t n a t u r a l v a r i a b i l i t y i s a major 
p rob lem i n v e r i f y i n g s e e d i n g e f f e c t s th rough u s e o f d i u r n a l r a i n f a l l d i s t r i b u t i o n s . 
However, t h e n a t u r a l v a r i a b i l i t y i s n o more o f a problem t h a n i t i s w i t h o t h e r 
r a i n f a l l p a r a m e t e r s t h a t could b e u s e d i n v e r i f y i n g s e e d i n g e f f e c t s . T h u s , i t 
i s recommended t h a t s t a t i s t i c a l e v a l u a t i o n o f s e e d i n g e f f e c t s o n d i u r n a l 
d i s t r i b u t i o n s s e r v e a s one o f s e v e r a l t o o l s i n v e r i f i c a t i o n p r o c e d u r e s . 
PRECIPITATION MEASUREMENT REQUIREMENTS 
Sampling E r r o r s in Measurement, o f Mean P r e c i p i t a t i o n 
The a c c u r a t e measurement o f mean p r e c i p i t a t i o n i s i m p o r t a n t i n w e a t h e r 
m o d i f i c a t i o n a p p l i c a t i o n s and o t h e r f i e l d s , such a s h y d r o l o g y and a g r i c u l t u r a l 
r e s e a r c h . E v a l u a t i o n o f sampl ing r e q u i r e m e n t s unde r v a r i o u s m e t e o r o l o g i c a l 
c o n d i t i o n s h a s been hampered g r e a t l y i n t h e p a s t b y t h e l a c k o f dense r a i n g a g e 
ne tworks t o p r o v i d e s u i t a b l e d a t a . S e v e r a l i n v e s t i g a t o r s have made l i m i t e d 
s t u d i e s i n which sampl ing e r r o r was r e l a t e d t o s to rm mean r a i n f a l l and s i z e o f 
s ampl ing a r e a t o o b t a i n e s t i m a t e s o f gage d e n s i t y r e q u i r e m e n t s . I n t h e s t u d y 
d e s c r i b e d h e r e , t h e e f f e c t s o f s e a s o n , p r e c i p i t a t i o n t y p e , s y n o p t i c w e a t h e r 
t y p e , and s to rm d u r a t i o n on the sampl ing e r r o r o f s t o r m mean r a i n f a l l e s t i m a t e s 
were i n v e s t i g a t e d , i n a d d i t i o n t o t h e u s u a l p a r a m e t e r s , mean p r e c i p i t a t i o n and 
s i z e o f sampl ing a r e a . A l s o , t h e s t udy was e x t e n d e d t o i n c l u d e r a i n f a l l r a t e , 
m o n t h l y , and s e a s o n a l r e l a t i o n s . 
Data from t h e E a s t C e n t r a l I l l i n o i s and L i t t l e Egypt Networks ( F i g . 1 ) 
c o l l e c t e d d u r i n g t h e 1955-1966 p e r i o d were u s e d i n t h e s t o r m , m o n t h l y , and 
s e a s o n a l a n a l y s e s . Data from a s p e c i a l ne twork of 50 r e c o r d i n g gages in 100 mi 
were used i n t h e r a i n f a l l r a t e a n a l y s e s . These 5 0 g a g e s , o p e r a t e d i n c e n t r a l 
I l l i n o i s d u r i n g 1952-1953 , were equ ipped w i t h a n e n l a r g e d o r i f i c e and 6 -hou r 
c h a r t s to p e r m i t measurement of 1-minute amounts . Data from t h e Shawnee and 
L i t t l e Egypt combined ne tworks ( F i g . 1 ) were a v a i l a b l e f o r a 3 -yea r p e r i o d , 
1965-1967., and t h e s e were used t o o b t a i n f i r s t a p p r o x i m a t i o n s o f sampl ing 
r e q u i r e m e n t s f o r a r e a s o f t h e o r d e r o f 1000 m i 2 . 
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Storm sampling e r r o r was found to increase with inc reas ing a rea l mean 
p r e c i p i t a t i o n and to decrease with inc reas ing sampling densi ty (gages per un i t 
area) and storm du ra t i on , as i l l u s t r a t e d in F ig . 7. Re la t ive ly la rge d i f ferences 
were found frequent ly in the sampling e r r o r s between storms of apparent ly s i m i l a r 
c h a r a c t e r i s t i c s . This emphasizes the d i f f i c u l t y in p r e d i c t i n g sampling e r r o r s 
for s p e c i f i c storms with a given sampling dens i ty . The in te r s to rm v a r i a b i l i t y 
r e s u l t s from the dependency of the sampling e r r o r upon numerous f a c t o r s , some 
of which can not be r e a d i l y expressed in mathematical terms. 
Other fac to rs being e q u a l , a i r mass storms requ i re the g r e a t e s t sampling 
dens i ty among synopt ic storm types to maintain a given e r r o r l e v e l . In the 
warm season, rainshowers and thunderstorms were found to requ i re near ly twice 
as many gages as s teady r a i n for a given measurement r e l i a b i l i t y . Also, the 
May-September sampling dens i ty requirements are two to th ree times those needed 
in the October-April pe r iod . 
Considerable d i f ference in the magnitude of storm sampling e r ro r s during 
the May-September per iod was found between consecutive 5-year per iods on the 
same network. Analyses i nd i ca t ed t h a t the di f ference r e s u l t e d p a r t i a l l y , a t 
l e a s t , from a much h igher number of a i r mass storm in one pe r iod . Consequently, 
one must i n t e r p r e t sampling e r r o r r e l a t i o n s with caution when they are based 
upon observa t iona l per iods of 5 years or l e s s . 
Sampling requirements for t h e measurement of monthly and seasonal r a i n f a l l 
are l ess s t r i n g e n t than for storm p r e c i p i t a t i o n . With seasonal r a i n f a l l and a 
r e l a t i v e l y sparse densi ty of 200 mi 2 /gage , the average sampling e r r o r was found 
to be l e s s than 5% for the e n t i r e range of seasonal r a i n f a l l s . For a 6-hour 
r a i n f a l l with a mean of 0.5 i nch , the average e r r o r is 14%. Thus, s u b s t a n t i a l 
decreases in sampling requirements occur as the time i n t e g r a t i o n of r a i n f a l l 
inc reases on a fixed sampling a r ea . 
Conversely, excep t iona l ly dense sampling networks are requi red for the 
accura te measurement of a r e a l mean r a i n f a l l r a t e . Thus, for a moderate 1-minute 
r a t e of 0.5 i n / h r , the average sampling e r r o r in warm season storms on a sampling 
area of 100 mi2 increases from 33% with 25 mi2 /gage to 66% with 100 mi 2 /gage . 
I f r a i n f a l l r a t e i s to serve as a v e r i f i c a t i o n t o o l in weather modif icat ion 
experiments , e f f o r t s must be made to u t i l i z e a combination of radar and raingages 
to evalua te sho r t -pe r iod r a t e p r o p e r t i e s and t h e i r changes in space and time 
wi th in midwestern convective s torms. 
The a n a l y t i c a l r e s u l t s and r e l a t i o n s evolving from t h i s study may be used 
as a guide in the es tabl ishment of raingage networks in the Midwest and o the r 
areas of s i m i l a r p r e c i p i t a t i o n c l imate . A d e t a i l e d desc r ip t ion of the various 
analyses are contained in P a r t II of t h i s r epo r t and in a publ ished paper 
(Huff, 19 70). 
Detection and Areal Extent of Storm P r e c i p i t a t i o n on Fixed Areas 
As p a r t of our s p a t i a l d i s t r i b u t i o n s t u d i e s , analyses were made of 1) the 
p r e c i p i t a t i o n de tec t ion c a p a b i l i t y of raingage networks of var ious d e n s i t i e s , and 
2) the a r ea l ex ten t of storm p r e c i p i t a t i o n on fixed sampling a r e a s . Previous 
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Figure 7. Sampling e r r o r r e l a t i o n s on 400-mi2 a rea . 
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h y d r o m e t e o r o l o g i c a l s t u d i e s i n I l l i n o i s have i n d i c a t e d t h a t c o n v e c t i v e s t o r m s 
o f s m a l l a r e a l e x t e n t , such a s summer a i r mass s h o w e r s , a r e o c c a s i o n a l l y n o t 
r e c o r d e d b y sampl ing d e n s i t i e s s e v e r a l t imes g r e a t e r t h a n t h o s e o f t h e no rma l 
c l i m a t i c n e t w o r k . R e s u l t s o f t h e s e a n a l y s e s s h o u l d b e p a r t i c u l a r l y u s e f u l 
i f warm s e a s o n , a i r mass showers a r e t o b e s eeded and p r e c i p i t a t i o n measurements 
used i n v e r i f i c a t i o n p r o c e d u r e s . 
Analyses were accompl i shed t h r o u g h use o f d a t a from dense r a i n g a g e 
ne tworks on a r e a s of 10 to 550 m i 2 in I l l i n o i s . Network r e c o r d s r anged from 
9 t o 12 y e a r s . Curves were deve loped r e l a t i n g p r o b a b i l i t y o f s t o r m d e t e c t i o n 
t o s i z e o f s ampl ing a r e a , r a i n g a g e d e n s i t y , and a r e a l mean r a i n f a l l ( s t o r m 
i n t e n s i t y ) , on an a n n u a l and s e a s o n a l b a s i s . Examples a r e shown in F i g . 8 . 
The r e a d e r i s r e f e r r e d to a p a p e r by Huff (1969b) f o r a f u l l d i s c u s s i o n o f 
d a t a , p r o c e d u r e s , and r e s u l t s . 
The a r e a l e x t e n t o f s to rm p r e c i p i t a t i o n was e x p r e s s e d i n p r o b a b i l i t y 
t e rms a l s o . Minimum p e r c e n t of a r e a e n v e l o p e d was r e l a t e d on an annua l and 
s e a s o n a l b a s i s t o s i z e o f s ampl ing a r e a and a r e a l mean p r e c i p i t a t i o n i n 
development o f t h e p r o b a b i l i t y d i s t r i b u t i o n s . An example i s shown in F i g . 9 , 
i n which minimum p e r c e n t o f a r e a enve loped i s p l o t t e d a g a i n s t s i z e o f sampl ing 
a r e a f o r v a r i o u s p e r c e n t a g e s o f a l l s to rms sampled a n n u a l l y . T h u s , F i g . 9 
shows t h a t f o r a sampl ing a r e a of 100 m i 2 , 20% of t h e s t o r m s , on t h e a v e r a g e , 
w i l l e n v e l o p 100% of t h e a r e a , 50% of t h e s to rms w i l l e n v e l o p 75% or more of 
t h e a r e a , and 95% of t h e s t o r m s w i l l e n c l o s e a t l e a s t 21% of t h e 100 m i 2 . Data 
u s e d , a n a l y t i c a l p r o c e d u r e s , and r e s u l t s a r e d i s c u s s e d i n d e t a i l i n P a r t I I 
o f t h i s f i n a l r e p o r t . 
STATISTICAL EVALUATION TECHNIQUES 
Sampling Requi rements i n t h e V e r i f i c a t i o n o f P r e c i p i t a t i o n M o d i f i c a t i o n 
Exper imen t s 
The v e r i f i c a t i o n methods d i s c u s s e d h e r e a r e b a s e d s t r i c t l y upon t h e 
use o f s t a n d a r d s t a t i s t i c a l d e s i g n s a p p l i e d t o s u r f a c e r a i n f a l l measurements 
in t h e manner used by p a s t i n v e s t i g a t o r s . More r e c e n t l y , Simpson (1967) and 
W e i n s t e i n and Davis (1968) have p r o p o s e d and t e s t e d to some e x t e n t a t e c h n i q u e 
d e s i g n e d t o e x p e d i t e g r e a t l y t h e v e r i f i c a t i o n o f c loud s e e d i n g r e s u l t s . 
B a s i c a l l y , t h e i r t e c h n i q u e i n v o l v e s u s e o f a c loud model t o p r e d i c t s e e d i n g 
e f f e c t upon t a r g e t c l o u d s . C o n t r o l c louds (unseeded ) a r e a l s o measured i n t h e i r 
t e s t s and used as a check on t h e a p p l i c a b i l i t y of t h e c loud mode l . Some of t h e 
prob lems i n v o l v e d in use o f t h i s t e c h n i q u e have been d i s c u s s e d by Cunningham 
(1970) and Brown and G la s s ( 1 9 7 0 ) . O b v i o u s l y , e v a l u a t i o n of t h e c loud model 
p r e d i c t i o n t e c h n i q u e s was beyond t h e scope o f t h e NSF-1360 s t u d i e s i n v o l v i n g 
t h e n a t u r a l d i s t r i b u t i o n c h a r a c t e r i s t i c s o f s u r f a c e p r e c i p i t a t i o n . 
The p r i m a r y p u r p o s e s o f t h i s i n v e s t i g a t i o n o f s ampl ing r e q u i r e m e n t s was 
t o compare t h e l e n g t h o f e x p e r i m e n t r e q u i r e d w i t h v a r i o u s s t a t i s t i c a l d e s i g n s 
and t o e v a l u a t e t h e e f f e c t s o f s t r a t i f y i n g t h e o b s e r v a t i o n a l d a t a upon 
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Figure 8. Sampling requirements for p r e c i p i t a t i o n de t ec t i on . 
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Figure 9. Relation between storm areal extent and size of sampling 
area for mean precipitat ion of 0.01 to 0.05 inch. 
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v e r i f i c a t i o n of seeding e f f e c t s . The i nves t i ga t i on was based upon data from 
a 12-year sample of storms on the East Central I l l i n o i s Network of 49 raingages 
in 400 mi2 (F ig . 1 ) . Areal mean and a r e a l maximum p r e c i p i t a t i o n were s e l e c t e d 
as the ver i fying parameters . Storm r a i n f a l l was s t r a t i f i e d according to season, 
p r e c i p i t a t i o n t y p e , and synopt ic t y p e . Effects of t r u n c a t i n g the p r e c i p i t a t i o n 
d i s t r i b u t i o n in v e r i f i c a t i o n procedures were i nves t i ga t ed a l s o . 
Theore t ica l frequency d i s t r i b u t i o n s were f i t t e d to the storm d a t a , and 
the b e s t - f i t d i s t r i b u t i o n was used to obtain sample s i z e for f ive s t a t i s t i c a l 
des igns . Designs included: 1) random experimental which involves randomization 
of days over a s i n g l e t a r g e t area i n t o seeded and non-seeded days with non-seeded 
days being the c o n t r o l ; 2) random h i s t o r i c a l in which a random choice is made 
of days to be seeded over a s ing le t a r g e t with the h i s t o r i c a l record as c o n t r o l ; 
3) continuous h i s t o r i c a l in which a l l r a in days wi th in a given s t r a t i f i c a t i o n 
are seeded, with the h i s t o r i c a l record as con t ro l ; 4) c ross-over which requ i res 
seeding a t a r g e t chosen at random with another area being the cont ro l (random 
interchange of t a r g e t and c o n t r o l ) ; and 5) f ixed t a r g e t con t ro l in which a l l 
p o t e n t i a l r a in days are seeded in a fixed t a r g e t area with a nearby area serving 
as a f ixed con t ro l . In the s t a t i s t i c a l eva lua t i ons , both s equen t i a l and 
non-sequent ia l analyses were employed. 
Resul ts of the various analyses ind ica ted t h a t a r e a l mean and a r e a l 
maximum p r e c i p i t a t i o n have near ly equivalent power in de tec t ing seeding-induced 
p r e c i p i t a t i o n changes. In most of the s t r a t i f i c a t i o n s , the log-normal 
d i s t r i b u t i o n provided a s a t i s f a c t o r y f i t of the p r e c i p i t a t i o n data and was 
super io r to the gamma d i s t r i b u t i o n . For a given seeding-induced percentage 
change, the cross-over design was super io r and the random-experimental design 
requi red the longest v e r i f i c a t i o n t ime. S t r a t i f i c a t i o n of storms by mean r a i n f a l l , 
r a i n t y p e , and synopt ic type produces more homogeneous subs amples; t h i s f a c i l i t a t e s 
f i t t i n g the data to t h e o r e t i c a l d i s t r i b u t i o n s and makes s t a t i s t i c a l t e s t i n g 
e a s i e r and more r e l i a b l e . 
Ver i f i ca t ion time var ies considerably between r a i n and p r e c i p i t a t i o n types 
because of d i f ferences in the degree of n a t u r a l v a r i a b i l i t y and in frequency of 
occurrence. Re la t ive ly long sampling periods are requ i red with summer a i r mass 
storms compared with win te r low systems. Despite g r e a t e r inheren t s p a t i a l 
v a r i a b i l i t y , changes in warm season thunderstorm in c e n t r a l I l l i n o i s could be 
de tec ted e a s i e r than those induced in cold season s teady r a in s because of g r e a t e r 
frequency of occurrence. 
Fig. 10 shows the number of years required to obta in s ign i f i cance in 
a r e a l mean r a i n f a l l at the 95% p r o b a b i l i t y l e v e l on the East Centra l I l l i n o i s 
Network for various seeding-induced percentage i n c r e a s e s , four s t a t i s t i c a l 
des igns , two r a i n f a l l t ypes , and th ree synopt ic storm t y p e s . Ra infa l l types 
are warm season thunderstorms and cold season steady r a i n s . Warm season a i r 
mass and cold f r o n t a l storms are shown, along with cold season low c e n t e r s . 
All storms with a r e a l means exceeding a t r a c e were used in drawing the curves . 
Large d i f ferences between the cross-over and random-experimental designs 
are ind ica ted for small percentage increases with each data s t r a t i f i c a t i o n . 
However, the d i f ference between designs becomes l e s s important as the seeding-
induced percentage i n c r e a s e s . Also, note the la rge decrease in sampling time 
Figure 10. Number of years requi red to obtain s ign i f i cance for various increases 
in a r e a l mean r a i n f a l l (means - 0.005 in ) according to synopt ic t ype , 
p r e c i p i t a t i o n type , and experimental design (a = 0 . 0 5 , g = 0 .50 ) . 
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when the seeding-induced change increases from 10% to 20%. The d i f f i c u l t y in 
ver i fying a seeding increase of the order of 10% is c l e a r l y i l l u s t r a t e d . For 
example, with the c ross-over design applied to a i r mass storm, 25 years would 
be requi red for v e r i f i c a t i o n at the 95% confidence l e v e l compared with 7 years 
with a 20% increase and 2 years with a 40% i n c r e a s e . Also, it is i n t e r e s t i n g 
to compare sampling requirements between the s e v e r a l r a i n f a l l and synopt ic 
storm types . Thus, for a 20% increase with the cross-over design, the sampling 
per iod decreases from 8 years for a i r mass storms to 3 years with low c e n t e r s . 
S imi l a r ly , thunderstorms with t h e i r g r e a t e r frequency of occurrence requ i re 
less v e r i f i c a t i o n time than steady r a i n s , 3 years compared with 4 years for a 
20% average increase from seeding. 
From determinat ion of v e r i f i c a t i o n times for 50, 100, 200, and 400 m i 2 , 
i t was found t h a t the requi red sampling time decreased rap id ly as the sampling 
area increased from 50 to 100 m i 2 , but changed very slowly between 200 and 
400 mi 2 . That i s , the advantage of increas ing the sampling area becomes smal l 
at 400 mi2 u n l e s s , of course , very large changes are made. Then, sampling 
homogeneity becomes a problem t h a t could more than o f f s e t the area advantage. 
A de t a i l ed desc r ip t ion of a n a l y t i c a l procedures , r e s u l t s , and conclusions 
from t h i s study of sampling requirements is contained in P a r t II of t h i s f i n a l 
r e p o r t . 
Use of Area-Depth Curves in the Evaluation of Ra in fa l l Modification 
Experiments 
Area-depth curves , frequently used in hydrologic ana lyses , provide a 
simple mathematical expression of the s p a t i a l d i s t r i b u t i o n of p r e c i p i t a t i o n 
in a raingaged a rea . With a recording gage network, a measurement of the 
time va r i a t i on in the s p a t i a l d i s t r i b u t i o n wi th in a storm can be obtained. 
The curve provides a measure of the mean and maximum p r e c i p i t a t i o n , r a i n f a l l 
g r a d i e n t , and skewness of the d i s t r i b u t i o n . The above p r o p e r t i e s make it 
p o t e n t i a l l y useful in weather modificat ion r e s ea r ch , in which q u a n t i t a t i v e 
assessments of cloud seeding e f fec t s upon the s p a t i a l and temporal d i s t r i b u t i o n s 
are e s s e n t i a l for proper evalua t ion of b e n e f i t s . Also, area-depth analyses 
provide information i n d i r e c t l y on phys ica l changes produced in p r e c i p i t a t i n g 
cloud systems (Huff, 196 8b). 
The study involved t e s t i n g of five s t a t i s t i c a l designs ( l i s t e d in 
previous s e c t i o n ) , eva lua t ion of methods for obtaining the b e s t - f i t area-depth 
curve, and determinat ion of the appropr ia te d i s t r i b u t i o n s to describe the th ree 
important area-depth parameters (maximum r a i n f a l l , mean r a i n f a l l , r a i n f a l l 
g r a d i e n t ) . The storm data were s t r a t i f i e d according to season, r a i n f a l l t ype , 
and p r e c i p i t a t i o n type as has been done in near ly a l l of the NSF-1360 s t u d i e s . 
Analyses ind ica ted t h a t an equation r e l a t i n g r a i n f a l l to the square roo t of the 
area provides an exce l l en t f i t of the area-depth curves for the areas i n v e s t i g a t e d 
(50 to 400 m i 2 ) , and a log-normal d i s t r i b u t i o n s a t i s f a c t o r i l y descr ibes the 
d i s t r i b u t i o n of the two regress ion constants and the r a i n f a l l depth. 
Study r e s u l t s v e r i f i e d appl ica t ion of the technique for heavy ra ins torms 
and ind ica ted t h a t the t a r g e t - c o n t r o l c ross-over is the optimum design, followed 
by the random-his to r ica l u t i l i z i n g a s equen t i a l ana lys i s approach. The th ree 
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r a i n f a l l parameters were found to agree cons i s t en t ly in p r e d i c t i o n of required 
sampling times with the var ious da ta s t r a t i f i c a t i o n s . Thus, they provide th ree 
support ing measures, and thereby can inc rease the r e l i a b i l i t y of f indings beyond 
t h a t obtained with the usua l s ing le -parameter eva lua t ion (poin t or a r e a l mean 
r a i n f a l l ) employed in cloud seeding e v a l u a t i o n s . 
Although eva lua t ion of the area-depth technique was based upon analyses 
of heavy ra ins to rms , the re is no reason to be l i eve the method w i l l not be 
appl icab le throughout the i n t e n s i t y spectrum of storm mean r a i n f a l l s . This 
assumption is l e n t support by the f indings in the previous sec t ion in which 
two of the th ree area-depth parameters , mean and maximum r a i n f a l l , were t e s t e d 
for a l l i n t e n s i t i e s of storm r a i n f a l l and found to have approximately equal 
power in de tec t ing seeding-induced p r e c i p i t a t i o n i n c r e a s e s . 
The area-depth study is descr ibed in d e t a i l in Par t I I of t h i s f i n a l 
r e p o r t , and a d d i t i o n a l information is contained in papers by Huff (196 8a; 
1968b). 
Rain Ce l l Cha rac t e r i s t i c s and Their use in Weather Modification Experiments • 
A l imi ted i n v e s t i g a t i o n was made of the c h a r a c t e r i s t i c s of i nd iv idua l r a i n 
c e l l s warm season storms and how measurements of c e l l parameters might be used 
as a v e r i f i c a t i o n t o o l in r a i n modif icat ion experiments . A r a i n c e l l was defined 
as a closed i s o h y e t a l system in the surface r a i n f a l l p a t t e r n with a de f in i t e 
break in time and space con t inu i ty from other i sohye t a l systems in the sampling 
network. The i n v e s t i g a t i o n was accomplished with recording raingage data from 
the combined L i t t l e Egypt and Shawnee Networks (F ig . l) during the summer of 
1965. A pai red storm design was used in the eva lua t ion . In t h i s des ign , a p a i r 
of r a i n c e l l s with s i m i l a r c h a r a c t e r i s t i c s is s e l e c t e d and one member of the 
p a i r is chosen at random to be seeded. 
It was assumed tha t any two c e l l s with s t a r t times wi th in 30 minutes of 
each o ther were l i k e l y to have been derived from clouds t h a t had s i m i l a r 
meteorological c h a r a c t e r i s t i c s p r i o r to t h e i r production of r a i n . This 
s e l e c t i o n r e s u l t e d in a sample of 143 p a i r s . Next, d i f ferences between members 
of each p a i r were obtained for mean r a i n f a l l , maximum r a i n f a l l , c e l l du ra t ion , 
a r e a l e x t e n t , and r a i n f a l l volume produced. Cumulative ogives for the empir ica l 
d i s t r i b u t i o n s of d i f ferences were then formed and these were designated as the 
n a t u r a l d i s t r i b u t i o n s . Next, the values of the hypo the t i ca l ly seeded c e l l of 
each p a i r was increased by 20, 40, 60, and 80% and the r e spec t ive cumulative 
ogives formed. The di f ferences between the n a t u r a l and hypo the t i c a l l y seeded 
curves were assumed to be the e f f ec t t h a t seeding would have on the n a t u r a l 
d i f f e r ences . The Wilcoxin matched-pairs s igned-ranks t e s t was employed in the 
s ign i f i cance c a l c u l a t i o n s . To derive the number of p a i r s to obtain s ign i f i cance 
for the various assumed increase in each r a i n c e l l parameter , sample values 
were generated through use of a Monte Carlo procedure . 
I t was concluded t h a t the c e l l comparison approach u t i l i z i n g the l i s t e d 
ver i fy ing parameters could be q u i t e use fu l in r a i n modif icat ion exper iments , 
e s p e c i a l l y if mul t ip le pa i r s of c e l l s can be sampled on ope ra t i ona l days. Then, 
r e l a t i v e l y shor t sampling per iods would be requi red to achieve s ign i f i cance with 
the c e l l parameters . The chief disadvantage of the method is the need for 
d e t a i l e d measurements to i d e n t i f y the c e l l s a c c u r a t e l y , the d i f f i c u l t y in 
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i s o l a t i n g ind iv idua l c e l l s in the surface r a i n f a l l ana lyses , and the problems 
inheren t in ob jec t ive ly s e l e c t i n g the proper p a i r s of clouds to seed. 
Other genera l conclusions were t h a t : 
1) Non-parametric t e s t s must be appl ied . 
2) For 60 to 80% seeding-induced i n c r e a s e s , s ign i f i cance could be 
obtained in a 5-year experiment with only one p a i r of c e l l s sampled on each 
p o t e n t i a l opera t iona l day. 
3) A recording gage densi ty of approximately 1 gage per 5 mi2 is 
l i k e l y to be requi red for proper c e l l i d e n t i f i c a t i o n and i s o h y e t a l a n a l y s i s . 
4) On the bas i s of favorable sample numbers obtained in t h i s p i l o t 
s tudy , fu r ther research on the method's a p p l i c a b i l i t y is d e s i r a b l e . 
Est imat ing Natura l D i s t r i bu t ion of Storm P r e c i p i t a t i o n in Target Areas 
from Control Area Data 
The f e a s i b i l i t y of using storm p r e c i p i t a t i o n in con t ro l areas to p r e d i c t 
t a r g e t r a i n f a l l p a t t e r n s in the v e r i f i c a t i o n of cloud seeding experiments was 
i nves t i ga t ed by Nason and Lopez (1967) through use of Oklahoma da ta . E s s e n t i a l l y , 
the technique involves f i t t i n g a plane or some h igher order mathematical surface 
to the cont ro l a rea data and extending t h i s surface through the t a r g e t a rea . 
The t a r g e t p red ic t ions r ep re sen t the r a i n f a l l expected with no seed ing , and 
these values are then compared with measured amounts to determine seeding e f f e c t s . 
For i d e n t i f i c a t i o n purposes , we r e f e r to t h i s ver i fying method as the 
c o n t r o l - t a r g e t ex t r apo la t ion design. 
In our s tudy, fu r ther eva lua t ion of t h i s method and two s impler ex t rapo la t ion 
techniques were made through use of data from the East Centra l I l l i n o i s Network 
(Fig . 1 ) . Two 20-storm samples of steady and unstable types of p r e c i p i t a t i o n 
in moderate to heavy rainstorms were used. F i r s t , the surface f i t t i n g technique 
was employed using plane and quadra t i c su r faces . Secondly, t a r g e t p red ic t ions 
were obtained by extension of the adjacent con t ro l area i s o h y e t a l p a t t e r n . 
Th i rd ly , t a r g e t mean p r e c i p i t a t i o n was es t imated from a simple averaging of the 
con t ro l area observa t ions . 
I n i t i a l l y , the t a r g e t cons is ted of 100 mi2 at the downwind edge of the 
400 mi2 network, with the r e s t of the network being the c o n t r o l . The t a r g e t 
area in each storm was assigned on the bas i s of wind flow under the assumption 
t h a t such knowledge would be ava i l ab le in seeding experiments . This t a r g e t - c o n t r o l 
arrangement provides a measure of t a r g e t p red ic t ion c a p a b i l i t y under optimum 
sampling cond i t i ons , s ince the cont ro l was immediately adjacent to the t a r g e t . 
Because of the contamination problem, l a t e r a l l y coinciding t a r g e t and cont ro l 
areas would be d i f f i c u l t to use in f i e l d experiments . Obviously, t a r g e t 
p r ed i c t i on e r r o r s would tend to increase with increas ing d i s tance between t a r g e t 
and con t ro l . 
Resul ts of the p i l o t study are summarized b r i e f l y in Table 2 which shows 
a comparison between the p r e d i c t i o n e r r o r s of t a r g e t mean p r e c i p i t a t i o n for 
each of the th ree methods on the 100 mi2 t a r g e t . With uns table p r e c i p i t a t i o n , 
the p l a n e - f i t t i n g and i s o h y e t a l methods are near ly equal in p r ed i c t i on capab i l i t y 
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and both do somewhat b e t t e r than the quadra t i c f i t t i n g or simple averaging. 
Overa l l , p r ed i c t i on e r r o r s were considerably smal le r with s t a b l e p r e c i p i t a t i o n , 
and di f ferences between methods were r e l a t i v e l y smal l . P red ic t ion e r r o r s were 
found to be l a r g e r with a i r mass than f r o n t a l s torms. As the t a r g e t area was 
reduced p rogress ive ly from 100 mi2 to a p o i n t , the t a r g e t p r ed i c t i on e r r o r 
decreased considerably with unstable p r e c i p i t a t i o n , bu t l i t t l e change occurred 
with the s t a b l e type . 
Overa l l , i t was concluded t h a t , even with adequate sepa ra t ion of t a r g e t 
and con t ro l to e l imina te contaminat ion, the method would not be very des i rab le 
with unstable types of p r e c i p i t a t i o n which normally show g rea t s p a t i a l v a r i a b i l i t y 
in I l l i n o i s s torms. With steady p r e c i p i t a t i o n , the technique may be use fu l . 
Table 2. Comparison between th ree methods of p r ed i c t i ng 
mean p r e c i p i t a t i o n on 100 mi2 t a r g e t . 
RELEVANT CLIMAT0L0GICAL STUDIES 
In addi t ion to the s t ud i e s discussed in previous s e c t i o n s , s eve r a l 
analyses were made to obtain cl imatological dis tr ibut ion of certain prec ipi tat ion 
- 3 1 -
events tha t would be useful in the design of weather modificat ion experiments 
t h a t might be undertaken in I l l i n o i s in the fu tu re . These r e s u l t s would be 
only of loca l i zed i n t e r e s t but are important from the s t a t e s tandpoint and do 
i l l u s t r a t e the type of information t h a t can be r e a d i l y assembled for planning 
purposes. These analyses are covered in d e t a i l in Pa r t I I of t h i s r e p o r t . 
Cl imatological D i s t r ibu t ion of Areal Mean P r e c i p i t a t i o n 
The d i s t r i b u t i o n of t o t a l a r e a l p r e c i p i t a t i o n with respec t to storm 
i n t e n s i t y was determined on a seasona l and annual bas i s from the raingage network 
data for areas of 50 to 400 mi 2 . The d i s t r i b u t i o n of r a i n f a l l when the data 
are grouped according to storm dura t ion , synopt ic weather t y p e , and p r e c i p i t a t i o n 
type was evaluated a l so on a seasonal and annual summation b a s i s . An example 
showing the average d i s t r i b u t i o n of seasonal p r e c i p i t a t i o n s t r a t i f i e d by storm 
dura t ion is provided in Table 3. The s equen t i a l d i s t r i b u t i o n of wet days t h a t 
occur n a t u r a l l y is useful in planning seeding experiments , e spec i a l l y where the 
r e s i d u a l e f fec t s of seeding are of concern. Therefore, frequency d i s t r i b u t i o n s 
were determined for sequences of one to f ive consecutive days and for s i x days 
or longer on a seasonal and annual b a s i s . 
Table 3. Average d i s t r i b u t i o n of p r e c i p i t a t i o n on East Central 
I l l i n o i s Network grouped by storm dura t ion . 
Dis t r ibu t ion of Point P r e c i p i t a t i o n in I l l i n o i s 
A study was made of the frequency d i s t r i b u t i o n of da i ly and hourly 
p r e c i p i t a t i o n in I l l i n o i s as one phase of our research aimed toward providing 
background c l imato log ica l s t a t i s t i c s for planning and evaluat ing weather 
modif icat ion experiments. At tent ion was given to the e f f ec t of l a r g e - s c a l e 
and loca l i zed droughts on the d i s t r i b u t i o n c h a r a c t e r i s t i c s , s ince the g r e a t e s t 
need and maximum b e n e f i t s from cloud seeding occur during dry pe r iods . 
The d iu rna l d i s t r i b u t i o n of t o t a l p r e c i p i t a t i o n , measurable p r e c i p i t a t i o n 
occurrences , and p r e c i p i t a t i o n r a t e were determined for win te r and summer in 
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f o u r a r e a s o f s i m i l a r p r e c i p i t a t i o n c l i m a t e i n t h e s t a t e . This i n f o r m a t i o n i s 
u s e f u l f o r p l a n n i n g p u r p o s e s when s e e d i n g o p e r a t i o n s a r e t o b e con f ined t o c e r t a i n 
p e r i o d s o f t h e day . 
The c l i m a t o l o g i c a l d i s t r i b u t i o n o f s n o w f a l l i n I l l i n o i s was s t u d i e d a l s o . 
I t was conc luded t h a t s n o w f a l l s h o u l d n o t p r e s e n t a major problem i n t h e d e s i g n 
and e v a l u a t i o n o f s e e d i n g e x p e r i m e n t s , s i n c e i t i s on ly a minor c o n t r i b u t o r t o 
I l l i n o i s p r e c i p i t a t i o n and heavy snowstorms a r e i n f r e q u e n t ove r most o f t h e 
s t a t e . 
Frequency D i s t r i b u t i o n o f Var ious Storm F a c t o r s 
Analyses were made o f t h e f r equency d i s t r i b u t i o n o f v a r i o u s f a c t o r s t h a t 
migh t a i d i n d e f i n i n g t h e d i s t r i b u t i o n c h a r a c t e r i s t i c s o f s t o r m s o f modera te t o 
heavy i n t e n s i t y . U n f o r t u n a t e l y , t ime and p e r s o n n e l l i m i t a t i o n s d id n o t p e r m i t 
e x t e n t i o n o f t h e s t u d y t o l i g h t s t o r m s . The s t a t i s t i c a l r e l a t i o n s d e r i v e d from 
t h e a n a l y s e s s h o u l d p r o v i d e u s e f u l background i n f o r m a t i o n f o r m e t e o r o l o g i s t s 
i n v o l v e d i n w e a t h e r m o d i f i c a t i o n , h y d r o l o g i s t s conce rned w i t h s t r u c t u r a l d e s i g n , 
and c l i m a t o l o g i s t s . 
I n v e s t i g a t i o n s were made of: 1 ) b u r s t c h a r a c t e r i s t i c s ; 2 ) s to rm c e n t e r 
d i s t r i b u t i o n s ; 3 ) t ime c o n t i n u i t y o f s to rm p r e c i p i t a t i o n ; 4 ) e f f e c t s o f r a i n 
t y p e , s to rm t y p e , and s to rm d u r a t i o n o n t h e t ime d i s t r i b u t i o n o f p r e c i p i t a t i o n ; 
and 5 ) s to rm shapes and o r i e n t a t i o n s . S ince t h e s t u d y r e s u l t s a r e l a r g e l y 
c o m p i l a t i o n s o f s t a t i s t i c s t h a t a r e d e s c r i b e d f u l l y i n P a r t I I o f t h i s f i n a l 
r e p o r t , n o summary d i s c u s s i o n o f t h e f i n d i n g s w i l l b e p r o v i d e d h e r e . 
SPECIAL STUDIES 
E v a l u a t i o n of Downwind Seed ing E f f e c t s from t h e Whi t e top Exper iment 
The mounting n a t i o n a l i n t e r e s t i n a l l a s p e c t s o f w e a t h e r m o d i f i c a t i o n ' 
makes i t e s s e n t i a l t h a t t h e e f f e c t o f s e e d i n g o n r a i n f a l l i n a r e a s d i r e c t l y 
downwind from s e e d i n g e x p e r i m e n t s be e s t a b l i s h e d . P r o j e c t Whi te top h a s 
p r o v i d e d a un ique s e t o f d a t a t o s t u d y t h e e x i s t e n c e o f such a n e f f e c t s i n c e 
c a r e f u l a t t e n t i o n was g iven t o r a n d o m i z a t i o n . 
For our s t u d y under NSF-1360, ave rage month ly r a i n f a l l d a t a f o r t h e 
s e e d i n g p e r i o d (1960-1964) and f o r t h e p r e v i o u s 5 - y e a r n o n - s e e d i n g p e r i o d 
(1955-1959) were u sed f i r s t t o i n v e s t i g a t e t h e e x i s t e n c e o f downwind s e e d i n g 
e f f e c t s . A c i r c u l a r sampl ing a r e a o f 300 m i l e s r a d i u s ( a p p r o x i m a t e l y 283,000 
m i 2 ) about t h e c e n t e r o f t h e Whi te top t a r g e t a r e a was s t u d i e d . S e c o n d l y , 
d a i l y r a i n f a l l s f o r s e e d e d and n o n - s e e d e d days from c o o p e r a t i v e s t a t i o n s i n a n 
a r e a downwind and o u t to a d i s t a n c e o f 300 m i l e s were used to i s o l a t e f u r t h e r 
t h e d i f f e r e n c e s be tween t h e r a i n f a l l o n s e e d e d and n o n - s e e d e d d a y s . I n t h e 
t h i r d p h a s e , plume a n a l y s e s u s i n g wind t r a j e c t o r i e s in t h e lower 500 mb were 
pe r fo rmed f o r t h e y e a r 1961 t o o b t a i n a b e t t e r e s t i m a t e o f t h e a r e a which cou ld 
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have been affected on each opera t iona l day. This permi t ted a more de t a i l ed 
study of downwind areas for t h a t year in which seeding apparent ly reduced the 
r a i n f a l l s u b s t a n t i a l l y in the Whitetop research area encompassing a c i r c l e of 
60-miles radius about West P l a i n s , Missouri . Next, the study was expanded to 
incorpora te use of average a r ea l r a i n f a l l on operat ion days in the 1961 eva lua t ion 
to f a c i l i t a t e i n t e r p r e t a t i o n of r e s u l t s . F i n a l l y , hourly r a i n f a l l on two dense 
raingage networks ( L i t t l e Egypt and East Centra l I l l i n o i s in F ig . 1 ) , located 
approximately 175 and 290 miles downwind from the cen te r of the Whitetop a r e a , 
were examined 1) for evidence of extensive downwind e f f ec t s in the 1960-1964 
per iod of Whitetop o p e r a t i o n s , and 2) to a id in eva lua t ing the degree of n a t u r a l 
v a r i a b i l i t y po l l u t i ng the a n a l y t i c a l r e s u l t s . 
The genera l conclusions from t h i s study are l i s t e d below: 
1) Detai led plume analyses ind ica ted a s t a t i s t i c a l l y s i g n i f i c a n t 
p r o b a b i l i t y of a seeding e f f ec t in an area 100-200 miles downwind during the 
year 1961; o v e r a l l , however, the evidence for downwind e f f ec t s derived from 
the plume analyses was very weak. 
2) There was a tendency for some ind iv idua l years to have both p o s i t i v e 
and negat ive e f f e c t s in i s o l a t e d areas of which a few were s t a t i s t i c a l l y 
s i g n i f i c a n t . However, lack of cont inui ty of the s i g n i f i c a n t di f ferences in 
time and space imply these were the r e s u l t of random sampling. 
3) The tendency for negat ive d i f ferences (seeded minus non-seeded) 
was l imi ted mostly to the years 1961 and 1962. P o s i t i v e di f ferences dominated 
the o ther 3 years in downwind a r ea s . 
4) No s t a t i s t i c a l l y s i g n i f i c a n t seeding e f f ec t s were p resen t in the 
downwind areas when da ta for a l l 5 years were combined. 
5) Previous d e t a i l e d hourly analyses of dense raingage network data have 
ind ica ted t h a t l a rge di f ferences in the time d i s t r i b u t i o n of r a i n f a l l may occur 
between seeded and non-seeded days as a r e s u l t of n a t u r a l r a i n f a l l v a r i a b i l i t y 
and lead to spurious conclusions if not thoroughly eva lua ted . Thus, on the ECI 
network, near ly 300 miles downwind, a highly s i g n i f i c a n t p r o b a b i l i t y was 
obtained between seeded and non-seeded cases in the ea r l y morning hours following 
Whitetop ope ra t i ons , and t h i s time per iod coincided with hours in which seeding 
m a t e r i a l , seeded cloud systems, or other seeding-induced mesosystems would most 
l i k e l y a r r ive on the network, based on time of t r a v e l . However, fu r the r 
a n a l y s i s , employing r e s u l t s of the 1961 plume ana lyses , ind ica ted t h a t because 
of i t s d i r e c t i o n from the seeding source t h i s network would be wi th in the 
Whitetop downwind plume only in f requent ly . Furthermore, di f ferences of s i m i l a r 
magnitude were obtained on another network ( L i t t l e Egypt) during hours when 
downwind seeding e f fec t s could not occur because of t i m e - o f - t r a v e l cons ide ra t ions . 
Network d iu rna l d i s t r i b u t i o n s of 3-hourly mean r a i n f a l l for June-August 
1960-1964, the Whitetop seeding pe r iod , in F ig . 11 i l l u s t r a t e the problem 
encountered. D i s t r i bu t ions are shown for seeded and non-seeded opera t iona l 
days on both networks and for the remaining non-opera t ional days on the most 
d i s t a n t network. Note the ea r ly morning d i f ferences on Eas t Centra l I l l i n o i s 
Figure 11. Network d iu rna l d i s t r i b u t i o n of 3-hourly mean r a i n f a l l , June-August 1960-1964. 
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and t h e e a r l y a f t e r n o o n d i f f e r e n c e s o n L i t t l e E g y p t , b o t h a p p a r e n t l y r e s u l t i n g 
from n a t u r a l v a r i a b i l i t y be tween samples drawn from t h e same s torm p o p u l a t i o n . 
The f i v e p r i m a r y f i n d i n g s show t h a t one s h o u l d be ve ry c a u t i o u s when 
e v a l u a t i n g s e e d i n g r e s u l t s , e s p e c i a l l y i n a n a r e a o t h e r t han t h a t f o r which 
t h e expe r imen t was d e s i g n e d . A l s o , t h e p rob lems o f sampl ing d e n s i t y i n t h e 
e x p e r i m e n t a l a r e a , p a r t i t i o n i n g o f t h e a r e a , and type o f d a t a used i n e v a l u a t i o n 
a r e a r e a l c o n c e r n . 
Upon c o n s i d e r a t i o n o f a l l a n a l y s e s per formed i n t h i s r e s e a r c h , i t i s 
conc luded t h a t t h e e v i d e n c e f o r downwind e f f e c t s from t h e Whi te top e x p e r i m e n t 
i s ve ry weak. 
The r e a d e r i s r e f e r r e d t o P a r t I I o f t h i s r e p o r t and t o t h e p a p e r b y 
Sch ickedanz and Huff (1970) f o r a d e t a i l e d d e s c r i p t i o n of t h e downwind s t u d y . 
E v a l u a t i o n o f P o t e n t i a l B e n e f i t s o f Weather M o d i f i c a t i o n on 
Water Supply 
C o n s i d e r a b l e p r o g r e s s has been made i n r e c e n t y e a r s i n a c q u i s i t i o n o f 
s c i e n t i f i c knowledge and i n development o f t h e e n g i n e e r i n g t e c h n o l o g y n e c e s s a r y 
f o r e f f i c i e n t a p p l i c a t i o n o f w e a t h e r m o d i f i c a t i o n t o i n c r e a s e w a t e r s u p p l i e s . 
I n view o f t h e s e a d v a n c e s , q u a n t i t a t i v e e v a l u a t i o n o f t h e p o t e n t i a l b e n e f i t s 
(and p o s s i b l e damage) o f c loud s e e d i n g programs under v a r i o u s w e a t h e r c o n d i t i o n s 
i s e x t r e m e l y p e r t i n e n t a t t h i s t i m e . Al though t h i s need h a s been r e c o g n i z e d 
f o r some t ime and c o n s i d e r a b l e d e b a t e on t h e s u b j e c t h a s e n s u e d , t h e l i t e r a t u r e 
p r o v i d e s l i t t l e c o n c r e t e i n f o r m a t i o n upon which t o b a s e q u a n t i t a t i v e e s t i m a t e s . 
C o n s i d e r a b l e a t t e n t i o n h a s been g i v e n t o t h i s problem r e c e n t l y and a 
p i l o t s t u d y was made t o e v a l u a t e t h e f e a s i b i l i t y o f u n d e r t a k i n g t h e d e s i r e d 
e v a l u a t i o n s . D e t a i l s o f t h i s s t u d y a r e c o n t a i n e d i n P a r t I I o f t h i s r e p o r t . 
The r e s u l t s o f t h i s f e a s i b i l i t y s t u d y i n d i c a t e t h e problem i s s o l v a b l e and 
t h a t i t would b e d e s i r a b l e t o u n d e r t a k e comprehensive r e g i o n a l i n v e s t i g a t i o n s . 
I l l i n o i s i s r e p r e s e n t a t i v e i n c l i m a t e , t o p o g r a p h y , and food p r o d u c t i o n o f t h e 
midwes te rn a g r i c u l t u r a l r e g i o n . P r e v i o u s r e s e a r c h and d a t a c o l l e c t i o n b y t h e 
I l l i n o i s S t a t e Water Survey and o t h e r s t a t e and f e d e r a l a g e n c i e s have p r o v i d e d 
i n r e a d i l y a v a i l a b l e form t h e d a t a r e q u i r e d f o r d e r i v a t i o n and t e s t i n g o f t h e 
e v a l u a t i o n t e c h n i q u e s t h a t have been d e s c r i b e d . Lack of t ime and funds have 
p r e v e n t e d t h e u n d e r t a k i n g o f a comprehensive s t u d y f o r I l l i n o i s unde r NSF-1360, 
and n o d i r e c t p r o v i s i o n was made f o r t h e s t u d y under t h i s g r a n t . 
DESIGN OF AN ILLINOIS PRECIPITATION MODIFICATION EXPERIMENT 
The p r i m a r y pu rpose of t h e r e s e a r c h unde r NSF-1360 has been to accumula te 
a v a r i e t y o f i n f o r m a t i o n and d a t a o n t h e n a t u r a l d i s t r i b u t i o n o f p r e c i p i t a t i o n 
t h a t would b e u s e f u l i n t he d e s i g n and e v a l u a t i o n o f w e a t h e r m o d i f i c a t i o n 
e x p e r i m e n t s . I n t h e f o l l o w i n g p a g e s , t h e r e s u l t s from v a r i o u s I l l i n o i s s t u d i e s 
have b e e n u s e d t o e s t a b l i s h d e s i g n c r i t e r i a and recommended v e r i f i c a t i o n 
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procedures for p o t e n t i a l p r e c i p i t a t i o n modif icat ion experiments in the s t a t e . 
The I l l i n o i s design is based upon the assumption t h a t surface p r e c i p i t a t i o n 
measurements w i l l be the primary method of eva lua t ion . Furthermore, the design 
is based upon p re sen t ly ava i l ab le knowledge (publ ished in t echn ica l journa ls 
and r e p o r t s ) on t h e ef f icacy of cloud seeding and upon accepted procedures , 
t echn iques , and c a p a b i l i t i e s in the crude science of weather modi f ica t ion . 
From a p r a c t i c a l s t a n d p o i n t , economic bene f i t s (and d i sbene f i t s ) to 
a g r i c u l t u r a l , hyd ro log i ca l , r e c r e a t i o n a l , and o the r a f fec ted i n t e r e s t s must 
be evaluated from what happens at the ground when clouds are seeded to increase 
or decrease r a i n f a l l . S c i e n t i f i c a l l y , of course , there i s mutual i n t e r e s t in 
atmospheric and surface e f f e c t s . Certain fea tures of any experimental design 
w i l l , t h e r e f o r e , vary with the primary purpose of the experiment. 
Location of Experiment 
Both c e n t r a l and southern I l l i n o i s provide l o g i c a l s i t e s for cloud 
seeding experiments from s c i e n t i f i c and p r a c t i c a l cons ide ra t i ons . From the 
s tandpoint o f e x i s t i n g support f a c i l i t i e s , c e n t r a l I l l i n o i s i s the b e t t e r 
choice. However, economic b e n e f i t s from seeding are l i k e l y to be g r e a t e r in 
the southern pa r t of the s t a t e . 
P o t e n t i a l experimental areas are shown in F ig . 12. In c e n t r a l I l l i n o i s , 
areas A, B, and C or B, E, and D would be used for an experiment employing a 
cross-over design, whereas the l a r g e r dashed area (Centra l I l l i n o i s Network) 
would be used for an experiment employing a s ing le a r e a , such as the experimental 
random design. S imi l a r ly , in southern I l l i n o i s , areas 1, 2, and 3 are for a 
cross-over design and the l a r g e r dashed area is a recommended loca t ion for a 
s i n g l e - a r e a design. Design cons idera t ions w i l l be discussed in d e t a i l in l a t e r 
paragraphs. 
Advantages of a c e n t r a l I l l i n o i s experiment inc lude : 
1) The Centra l I l l i n o i s Network of 196 recording raingages in 1600 mi2 
is in opera t ion and could become an i n t e g r a l p a r t of a seeding experiment. 
2) The experimental area is near e x i s t i n g weather r adar f a c i l i t i e s at 
the I l l i n o i s Water Survey (Urbana) and f l i g h t f a c i l i t i e s at the Univers i ty of 
I l l i n o i s and Chanute Air Force Base. Radiosonde observat ions are ava i l ab le 
at Peor ia and could probably be obtained a l so through e x i s t i n g f a c i l i t i e s of 
the Chanute Weather School. 
3) A 15-year record of p r e c i p i t a t i o n climate (1955-1970) obtained from 
dense raingage networks is ava i l ab l e for a s s i s t ance in the design and evaluat ion 
of a seeding experiment. 
4) From an economic s t a n d p o i n t , t h i s area c o n s t i t u t e s one of the most 
productive a g r i c u l t u r a l regions in the country. 
A number of reasons for s e l e c t i n g southern I l l i n o i s as an experimental 
s i t e are l i s t e d below. 
1) A g r i c u l t u r a l l y , r a i n f a l l has been shown to have a g r e a t e r e f f ec t 
upon major crop y i e ld s in t h i s p a r t of the s t a t e than in the c e n t r a l and 
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Figure 12. Recommended loca t ions for p r e c i p i t a t i o n modif icat ion experiments . 
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northern por t ions (Changnon and N e i l l , 1966). Furthermore, southern I l l i n o i s 
is more dependent upon surface wate r ; near ly a l l of the l a rge r communities in 
the southern t h i r d of the s t a t e r e ly on impounding r e s e r v o i r s for t h e i r 
municipal water suppl ies (Rober ts , 1958). 
2) During the cold season (water supply replenishment s ea son ) , 
oppor tun i t i e s for seeding would normally be more f requent , s ince average 
p r e c i p i t a t i o n is g r e a t e r and p r e c i p i t a t i o n types more diverse than in the 
c e n t r a l and n o r t h . 
3) In summer, the primary d iu rna l maximum occurs in mid to l a t e afternoon 
in southern I l l i n o i s , a convenient period for seeding o p e r a t i o n s , whereas the 
primary maximum occurs in the ea r ly morning hours (darkness) over most of the 
r e s t of the s t a t e . An added advantage is the p o s s i b i l i t y of using seeding-induced 
e f f ec t s on t h i s primary d iu rna l maximum as one of the v e r i f i c a t i o n t o o l s . 
4) Southern I l l i n o i s experiences a g r e a t e r number of a i r mass storms in 
the warm season than the c e n t r a l and nor thern regions (Huff, 1966). These are 
frequent ly the primary t a r g e t in s c i e n t i f i c a l l y - o r i e n t e d seeding experiments , 
s ince they are r e l a t i v e l y simple storms to t r e a t and observe because of t h e i r 
s c a t t e r e d d i s t r i b u t i o n in the atmosphere. 
5) A 10-year h i s t o r y of p r e c i p i t a t i o n cl imate is ava i l ab le from operat ion 
of the L i t t l e Egypt Network ( v i c i n i t y of Area 3, F ig . 12) for guidance in the 
design of the experiment and evaluat ion of the r e s u l t s . 
6) The Salem radiosonde f a c i l i t y is loca ted in the midst of the proposed 
experimental a rea . 
Both Areas 1-2-3 and A-B-C are in excep t iona l ly f l a t areas so t h a t 
topographic inf luences on p r e c i p i t a t i o n should be minor and should not i n t e r f e r e 
with the eva lua t ion of seeding experiments . Area D of the B-E-D combination 
may be a f fec ted to some extent by the I l l i n o i s River b lu f f s in the Peoria reg ion; 
t h e r e f o r e , t h i s combination i s the second choice in c e n t r a l I l l i n o i s . I t does 
provide the advantage of having the Peor ia radiosonde s t a t i o n wi th in the 
experimental reg ion . 
Sampling Design and Ver i f i ca t ion Methods 
Two types of sampling designs recommended for c e n t r a l and southern 
I l l i n o i s are i l l u s t r a t e d in Fig. 12. The 3-area sampling des ign, such as areas 
1, 2, and 3 in southern I l l i n o i s , would be used with the cross-over t a r g e t - c o n t r o l 
eva lua t ion technique. The t r i p l e sampling area allows opera t ions with storm 
movement from any d i r e c t i o n ; t h a t i s , two usable areas can be chosen for 
randomization with any given storm movement. Two choices of 3-area designs are 
provided in c e n t r a l I l l i n o i s , A-B-C and B-E-D, both making use of the e x i s t i n g 
Centra l I l l i n o i s Network. 
The three areas in the above designs are 30 miles apar t at the s h o r t e s t 
d i s t ance . Our s tud ie s i nd i ca t e t h a t t h i s sepa ra t ion w i l l maintain the average 
co r r e l a t i on coe f f i c i en t at 0.75 or g r e a t e r between t a r g e t and c o n t r o l , and, at 
the same t ime , minimize p o s s i b i l i t i e s of contamination from the t a r g e t seeding 
when i nd iv idua l convective ce l l s or storms are being t r e a t e d . 
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Each of the three unit areas encompasses 600 mi2 , near the average 
county size in I l l i n o i s . Including the intervening buffer zones, the 3-unit 
sampling design involves over 3000 mi2 of space. The target-control areas 
are square-shaped, since it is anticipated that any seeding experiment would 
not be directionally oriented. For example, if only storms moving from a 
southwesterly direction were to be seeded, a rectangular design would be used 
for maximizing the observational period over the sampling network. 
It is recognized from the standpoint of a i rc raf t seeding that the use of 
re la t ively small sampling areas of 600 mi2 is not the best choice economically, 
since a i rcraf t operations are costly and an aircraf t could seed considerably 
more t e r r i t o ry . It is also recognized that verification time based on areal 
mean r a in fa l l analyses shortens with increasing size of sampling area, other 
factors being equal. However, as pointed out ea r l i e r (see "Introduction"), 
consideration of the type of droughts amenable to seeding, the pract ical aspects 
of agricultural and water supply needs, and the desi rabi l i ty of maintaining 
climatic and topographic homogeneity in the sampling areas leads to the selection 
of re la t ive ly small areas from the standpoint of both pract ica l application 
and s t a t i s t i c a l evaluation prerequis i tes . Other considerations leading to the 
selection of the 600 mi2 sampling units include i n i t i a l costs of equipment and 
ins t a l l a t ion , manpower requirements for eff ic ient operations, and data reduction 
requirements. In I l l i n o i s , much background information pertinent to the design 
of experiments on small areas have been provided by the NSF-1360 studies . The 
resul ts of these studies can not be extrapolated to areas of several thousand 
square miles. 
The 3-area design is also suitable for experiments employing a fixed t a rge t , 
such as recommended by Spar (1968) for the Northeastern United States experiment. 
For example, if Area 2 in southern I l l i no i s was used as the fixed t a rge t , Areas 1 
and 3 would serve as controls, depending upon storm movement. In this way, 
individual convective elements moving from nearly any direction could be sampled 
with small danger of contamination. 
The cross-over sampling wi l l provide verif ication of seeding effects on 
surface precipi tat ion quicker than the other s t a t i s t i c a l methods discussed in 
th i s report . Therefore, it is f i r s t choice for an I l l ino i s experiment based 
upon the best available information at th is time. 
However, it must be recognized that d i f f icul t ies may arise in application 
of the cross-over method when the characteris t ics of the precipitation 
distr ibution and prevalent types of storm systems in I l l ino is are considered. 
The majority of the I l l i no i s precipi tat ion resul ts from extensive systems of 
re la t ively long durations associated with fronts and squall l ines . Mesoscale 
circulations associated with such systems and interaction between neighboring 
convective elements could make the contamination problem diff icul t to overcome. 
From a pract ical standpoint, however, these storm systems should be subjected 
to seeding if substant ia l benefits are to be obtained from a seeding program. 
At leas t , one must reach this conclusion from presently available information 
on seeding appl icabi l i ty . 
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I t i s an t i c i pa t ed t h a t the cross-over design appl ied to the sampling 
scheme descr ibed above, coupled with d e t a i l e d radar observat ions to iden t i fy 
and t rack the seeded and non-seeded storm un i t s , w i l l permit use of the 
recommended v e r i f i c a t i o n method. If the contamination problem becomes too 
acu t e , however, i t w i l l be necessary to use a design employing randomization 
over a s ing le a r ea , such as employed in the Arizona experiments (Battan and 
Kassander, 1960) and r e f e r r ed to as the random-experimental design in t h i s 
r e p o r t . However, t h i s design r e s u l t s in the longes t v e r i f i c a t i o n time of the 
s eve ra l i n v e s t i g a t e d . To p a r t i a l l y overcome t h i s problem, i t is recommended 
tha t the random-experimental method of v e r i f i c a t i o n be supplemented by a 
random-his to r ica l a n a l y s i s . This approach i s e s p e c i a l l y app l icab le in 
I l l i n o i s with i t s network h i s t o r i c a l r ecords . In t h i s approach, the seeding 
would be done with the random-experimental design and the non-seeded samples 
would be compared with ava i l ab le h i s t o r i c a l records to check for t r e n d s . With 
no t r end ind ica ted during the experimental p e r i o d , the seeded sample could a lso . 
be compared with the h i s t o r i c a l record and the ver i fy ing time could be reduced 
by 50% from t h a t with the random experimental design used a lone . In any case , 
the combination of ver i fy ing methods should decrease the ver i fy ing time somewhat. 
In cen t r a l I l l i n o i s , the e x i s t i n g Cent ra l I l l i n o i s Network of 196 recording 
gages in 1600 mi2 would serve the purpose of a s i n g l e - a r e a seeding experiment 
admirably. In southern I l l i n o i s , a s i m i l a r network could be i n s t a l l e d about the 
radiosonde s t a t i o n at Salem, as shown by the dashed ou t l i ne in F ig . 12. 
P r e c i p i t a t i o n Measurement Requirements 
Mean P r e c i p i t a t i o n . From cons idera t ions of measurement accuracy, 
equipment c o s t s , ope ra t iona l requi rements , and data p rocess ing , a gage densi ty 
of 10 mi2 /gage is recommended for the measurement of a r e a l mean r a i n f a l l in 
storms on the 600 and 1600 mi2 sampling areas involved in the I l l i n o i s des igns . 
Also, t h i s gage densi ty is considered very s a t i s f a c t o r y for der iving storm 
area-depth r e l a t i o n s and adequate for es t imat ing storm maximum p r e c i p i t a t i o n . 
If a densi ty of 10 mi2 /gage can not be achieved for any reason , the densi ty 
should never be less than 25 mi 2 /gage . These recommendations are based upon 
r e s u l t s of various hydrometeorological s tud ie s made in the p a s t (Huff and N e i l l , 
1957) and upon the p r e c i p i t a t i o n measurement study conducted under NSF-1360 
(Huff, 19 70). 
With a sampling densi ty of 10 mi 2 /gage , the average sampling e r r o r in 
a l a rge sample including a l l types of storms should not exceed 2-3%, even in 
sho r t -du ra t i on storms of l i g h t to moderate i n t e n s i t y which normally exh ib i t 
the h ighes t s p a t i a l r e l a t i v e v a r i a b i l i t y . In f a c t , the above percentage e r r o r 
is based upon ca lcu la t ions for an average 1-hour storm with mean r a i n f a l l of 
0.10 inch occurring in the warm season. One must unders tand, however, t h a t 
the sampling e r r o r may exceed 5% in approximately 5% of the storms and, 
occas iona l ly , increase to 10% or more. 
The above e r r o r es t imates are for a l l storms combined. The sampling e r r o r 
w i l l maximize, on the average, for a i r mass s torms. If only t h i s storm type is 
involved in a seeding experiment , the average sampling e r r o r r i s e s to 5-6% for 
a gage densi ty of 10 mi 2 /gage . S i m i l a r l y , the e r r o r can be expected to exceed 
10% in 5% of the storms and reach 15-20% occas iona l ly . 
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If the minimum gage density of 25 mi2/gage is used, the average sampling 
error increases from 2-3% with the recommended density to approximately 5-6% 
for a l l storms combined, based on the 1-hour, 0.10 inch, warm season storm. 
Similarly, the average error in a i r mass storms increases from 5-6% to 9-10%. 
The diff iculty in verifying small increases in precipi tat ion induced by 
seeding with the coarser density is obvious, par t icular ly if the experiment 
is confined to a i r mass storms. 
From the standpoint of raingage sampling requirements, the use of very 
shor t - in terval measurements of mean r a in f a l l , such as 1-minute or 5-minute, 
amounts is not considered prac t ica l for weather modification experiments. In 
a study of 1-minute ra infa l l amounts on a 50-gage, 100 mi2 network, it has 
been shown that the average sampling error with a gage density of 10 mi2/gage 
ranges from 26% at rates of 0.1 in/hr to 18% at 1.0 in /hr (Huff, Shipp, and 
Schickedanz, 1969). In the same study it was found that the correlation between 
gages showed no significant increase with 5-minute and 10-minute amounts. 
Pattern Analysis. Correlation decay with distance provides one means 
of estimating sampling requirements for establishing isohyetal pat terns . From 
the study by Huff and Shipp (1969), it has been determined that the spacing 
of one gage every 3.3 miles (10 mi2/gage) recommended for areal mean precipi tat ion 
measurements is generally satisfactory for pattern analysis. With th is spacing, 
the variance explained on the average is approximately 90% for a l l warm season 
storms combined, It decreases to 75% for storms with durations less than 3 
hours; otherwise, it is greater than 80% for a l l other storm durations, synoptic 
weather types, and precipi tat ion types. The 5-mile spacing in the minimum 
acceptable network of 25 mi2/gage is of questionable r e l i ab i l i t y in short-duration 
storms (less than 3 hours) and in a i r mass storms since the variance explained 
decreases to 60% and 70%, respectively. Again, 1-minute to 10-minute 
s t ra t i f i ca t ions of ra in fa l l amounts are considered impractical, since variance 
explained is less than 60% with a gage spacing of only 1 mile for such short 
time-integrated amounts. 
Detection and Areal Extent. Reference to the paper on precipi tat ion 
detection (Huff, 1969b) and Part II of th is f inal report shows that the gage 
spacing of 3.3 miles in the recommended experimental network is sat isfactory 
for detecting a l l storms with significant precipi tat ion and to measure 
accurately the i r areal extent. The spacing of 5 miles in the minimum network 
(25 mi2 /gage) is also generally satisfactory for detection and areal extent 
measurements. 
Rain Cell Analysis. A network with gage density of 10 mi2/gage is 
adequate for the detection and measurement of the areal extent of individual 
surface r a in fa l l cells 90 to 95% of the time. The 25 mi2/gage would be 
adequate for th i s purpose approximately 75% of the time. On the basis of the 
rain cel l study described in Part I I , a gage density of 10 mi2/gage, generally 
satisfactory for a l l other surface precipi tat ion measurements discussed ea r l i e r , 
is not ent i re ly satisfactory for the measurement of rain cel l mean r a in f a l l . 
This is because approximately two-thirds of those cells analyzed in our rain 
ce l l study had means less than 0.10 inch. From our gage density s tudies , it is 
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es t imated t h a t the average sampling e r r o r with 10 mi2 /gage w i l l inc rease 
from 3-5% at 0.10 inch to 8-10% at 0.01 inch . Whenever r a i n c e l l ana lys i s is 
to be incorpora ted i n t o a seeding v e r i f i c a t i o n program, i t would be most 
des i rab le to increase the dens i ty to 5 mi2 /gage for ca lcu la t ions of c e l l mean 
r a i n f a l l . 
Type of Raingages. All gages in the t a r g e t and cont ro l areas should be 
of the recording type to provide space-t ime d i s t r i b u t i o n s for p a r t i a l s torm, 
t o t a l s torm, or da i ly p r e c i p i t a t i o n amounts. To provide data on poss ib le 
downwind e f f e c t s , the recording gage networks could be augmented by s tandard 
non-recording gages or by the much cheaper wedge gage ( fence-post type) 
evaluated by Huff (1955). Recording gages should have a minimum c a p a b i l i t y 
of accura te ly measuring 15-minute r a i n amounts. If r a in c e l l analyses are to 
be employed, 5-minute measurements are needed. This can be achieved with a 
6-hour revolving char t drum on a weighing-bucket gage. 
Al l ied Weather Data 
Radiosonde data are p e r t i n e n t to the successful operat ion of seeding 
exper iments , e s p e c i a l l y i f seeding e f f icacy i s to be r e l a t e d to the v e r t i c a l 
temperature-moisture d i s t r i b u t i o n . As ind ica ted e a r l i e r , radiosonde da ta 
are ava i l ab le wi th in or near the s e l e c t e d experimental areas in I l l i n o i s 
(F ig . 12) . 
Radar observat ions are a b a s i c requirement for a s c i e n t i f i c a l l y o r i en ted 
seeding experiment. Radar is needed to i den t i fy and t rack seeded and non-seeded 
s torms. With the cross-over t a r g e t - c o n t r o l design where contamination is a 
problem, radar would be useful in determining whether contamination had affected 
a seeding opera t ion . In a l l c a s e s , r adar is very useful for determining the 
growth c h a r a c t e r i s t i c s of t a r g e t and cont ro l c louds , changes in d i r e c t i o n and 
speed of cloud systems, changes in i n t e n s i t y of ra in-producing c louds , durat ion 
of p r e c i p i t a t i o n , l oca t ion of maximum seeding e f f ec t in clouds with r e spec t to 
loca t ion of t r ea tmen t , and o the r f ac to r s p e r t i n e n t to the assessment of seeding 
ope ra t ions . A narrow-beam, high-powered 10-cm s e t with rapid scan c a p a b i l i t i e s 
is needed for t h i s purpose. 
The lack of measurement of seeding plumes from a i r c r a f t seems to have 
been a problem in p r i o r r a in enhancement experiments . Therefore , e f f o r t s should 
be made to accomplish t h i s in any future exper iments . Such measurements would 
be very useful in eva lua t ing the contamination problem with t a r g e t - c o n t r o l seeding 
ope ra t i ons . 
Other supplementary weather da ta are ava i l ab le from seve ra l f i r s t order 
ESSA s t a t i o n s in the v i c i n i t y of t h e proposed experimental r e g i o n s . These 
include Chicago, Peo r i a , S p r i n g f i e l d , and S t . Louis (F ig . 12) . Add i t i ona l ly , 
da i ly p r e c i p i t a t i o n data are ava i l ab l e from the ESSA c l ima t i c network of 
approximately 1 gage per 200 mi2 in I l l i n o i s . 
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Seeding Method 
The work performed under NSF-1360 was not oriented toward evaluation 
of the applicabil i ty of ground-based and airborne seeding. It appears to 
be a general concensus among those with expertise in th is direction that 
a i rcraf t seeding is most desirable, especially in warm season operations on 
convective clouds. This contention is lent support by an I l l ino i s study 
(Bradley and Semonin, 1969) in which it was found that only about 18% of the 
cumulus clouds passing over a ground-based charge source were e lec t r i f ied by 
the plume emanating from the source. In winter with i t s more extensive, 
low-level cloud systerns, seeding with ground generators may be effective. 
As discussed e a r l i e r , adequate f l ight f ac i l i t i e s are avai lable, par t icular ly 
in the central I l l i no i s region. As pointed out by Changnon (1969), much of 
western and central I l l i no i s is crossed by major airways so that heavy 
ai rcraf t t ra f f ic would be a problem. 
Time of Year 
The time of year to conduct a precipitat ion modification experiment 
depends to some extent upon the purpose to be served. If primary in teres t is 
in agricultural application, the experiment should be conducted during the 
warm season. For the major I l l i no i s crops, corn and soybeans, July and August 
ra in fa l l are the most important (Changnon and Nei l l , 1966). Therefore, it 
would be logical to concentrate efforts to determine the efficacy of cloud 
seeding for agricultural applications in these two months. 
If primary in teres t is in the use of cloud seeding to help replenish 
water supplies, the cold season from October through March becomes very 
important. As shown by Hudson and Roberts (1955), the general trend is for 
a withdrawal of water from storage in the April-September period in I l l i n o i s , 
whereas it enters into storage in the October-March period when transpiration 
and land evaporation minimize. Although cloud seeding could be undertaken to 
augment both surface and groundwater supplies during the warm season, losses 
to evapotranspiration would be large, especially during dry periods when the 
greatest requirement for r a in fa l l augmentation ex i s t s . 
If a seeding experiment is to be confined to a single season in I l l i no i s , 
the warm season is the most logical choice considering both agricultural and 
water supply needs. As indicated above, July and August are the most c r i t i c a l 
months for agriculture and the greatest withdrawal from groundwater storage also 
occurs during these months. 
Time of Day 
The optimum time of day to carry out seeding experiments is dictated to 
a considerable extent by operational capabilities. Aircraft seeding during the 
night has usually been avoided. 
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In southern I l l i n o i s , the optimum time of day during the warm season 
would be the afternoon and ea r ly evening hou r s , s ince a c l ima to log ica l maximum 
in the d iu rna l d i s t r i b u t i o n occurs in mid-afternoon. As ind ica ted e lsewhere , 
afternoon seeding operat ions in the southern area have two advantages - more 
frequent seeding oppor tun i t i e s and the poss ib l e use of seeding-induced changes 
on the magnitude and/or time of the afternoon maximum as a v e r i f i c a t i o n t o o l . 
In most o ther regions of the s t a t e , the primary maximum occurs in the ea r l y 
morning hours , but there tends to be a secondary maximum in l a t e afternoon 
or ea r ly evening. 
From cons idera t ion of climatology and opera t iona l c a p a b i l i t i e s , i t is 
concluded t h a t there should be concentra t ion on the afternoon and ea r ly evening 
hours in warm season seeding experiments. There is no advantage in t h i s per iod 
during the cold season when d iu rna l f l uc tua t ions are much l e s s , and ope ra t iona l 
c a p a b i l i t i e s should be the primary means of s e l e c t i n g seeding t imes . 
Weather Types 
Synopt ica l ly , a i r mass storms are the e a s i e s t to seed by a i r c r a f t and 
to observe because of t h e i r tendency to be s c a t t e r e d in the atmosphere. However, 
these storms produce only a small percentage of the I l l i n o i s p r e c i p i t a t i o n . 
For example, on the East Centra l I l l i n o i s Network, they account for 17% of the 
warm season r a i n f a l l compared with 77% from f r o n t a l assoc ia ted p r e c i p i t a t i o n . 
Therefore, any comprehensive s c i e n t i f i c seeding experiment aimed toward p r a c t i c a l 
app l ica t ion of the r e s u l t s must evaluate the ef f icacy of seeding a l l types of 
synopt ic weather. 
Convective storm types (thunderstorms and rainshowers) account for 85-90% 
of the warm season r a i n f a l l . Consequently, any seeding experiment during t h i s 
per iod should concentrate on these ra in t y p e s . In the cold season, steady ra in 
accounts for approximately 33% of the t o t a l p r e c i p i t a t i o n , so t h a t seeding 
e f fec t s of t h i s type of p r e c i p i t a t i o n should be s tud ied in addi t ion to the 
convective types . 
Studies under NSF-1360 i n d i c a t e t h a t l e s s than 20% of the annual 
p r e c i p i t a t i o n in I l l i n o i s occurs in storms of r e l a t i v e l y shor t duration (3. 
hours or l e s s ) . Consequently, a comprehensive seeding experiment should 
evaluate seeding e f f e c t s on the more extensive storm systems. The same 
conclusion is reached from a considerat ion of storm or dai ly r a i n f a l l t o t a l s . 
In I l l i n o i s , approximately two- th i rds of the annual p r e c i p i t a t i o n occurs on 
days with amounts exceeding 0.50 inch. 
The above d iscuss ion leads to the genera l conclusion t h a t a comprehensive 
evalua t ion of the ef f icacy and economic bene f i t s of cloud seeding in I l l i n o i s 
should involve study of both f ron t a l and non- f ron ta l weather , s t a b l e and unstable 
types of p r e c i p i t a t i o n , and both s h o r t - l i v e d and ex tens ive storm systems. This 
is not to say t h a t useful information can not come from the usual type of 
experiment t h a t r e s t r i c t s seeding to the i s o l a t e d , a i r mass system, but these 
storms are not our major water producer . At t h i s t ime, no adequate proof has 
appeared in the l i t e r a t u r e to show t h a t seeding eff icacy and e f f ic iency in one 
type of storm is appl icable to a l l t ypes . 
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Length of Experiment 
The necessary length of an I l l i no i s experiment can not be specified 
exactly, since there are many complicating factors that would vary between 
experiments, depending upon the needs, i n t e r e s t s , and operational capabi l i t ies 
of the investigating group. If the invest igator ' s primary in teres t was to 
determine the overall benefits to agriculture or water supply from I l l i no i s 
seeding operations, the information in th is report indicates he should endeavor 
to seed a l l types of storms. This would resul t in a much larger s t a t i s t i c a l 
sample in a given period of operation than that obtained when the primary 
in teres t was in seeding a par t icular type of storm. For example, in a 
sc ient i f ica l ly oriented experiment the investigator would probably have major 
in teres t in the microphysics and dynamics of clouds exposed to seeding in 
addition to surface r a in fa l l produced. Then, he might very well concentrate 
on the isolated convective clouds typical of a i r mass storms, as done in the 
Missouri experiments (Braham, 1966). Any attempt to evaluate the contribution 
to surface ra in fa l l from seeding, with a high degree of r e l i a b i l i t y (through 
standard s t a t i s t i c a l analyses), would require a long time with a i r mass storms 
unless the seeding effect was very large. 
The length of an experiment wi l l also depend upon the percentage of 
available storms that can actually be seeded. Operational problems and forecasting 
limitations wi l l prohibit seeding of the to ta l number of storms available during 
an experimental period. Furthermore, if seeding operations are limited to a 
par t icular period of the day, as frequently done in a i rcraf t seeding experiments, 
the number of seeded storms is further reduced. The diurnal distr ibution of 
precipi tat ion by season is provided in Part II and can be used to estimate 
opportunities los t when seeding is res t r ic ted to a given period of hours. For 
example, assume seeding is to be carried on only during the 6-hour period, 
1200-1800 CST in a central I l l i no i s experiment. Reference to Tables 95 and 96 
in the section on I l l i no i s precipi ta t ion climatology shows tha t , on the average, 
only 22% of both the t o t a l summer precipitat ion and number of hours with 
measurable r a in fa l l occur in this 6-hour period in the North Central climatic 
region. Add three hours (1800-2100) for post-seeding effects , and the normal 
9-hour t o t a l is 35%. 
If one incorporates a "rest" period in the seeding operations to minimize 
possible residual contamination effects , as suggested by Spar (1968), the 
available number of seeding days is reduced substant ial ly . Estimates of the 
reduction can be obtained from Table 91 in Part II which shows wet day sequences 
for central and southern I l l i n o i s . Assuming a 24-hour "res t" period after 
each day of seeding, the number of possible seeding days would be reduced by 
approximately 30%. 
Graphs in Part II of th is report , derived from data on the East Central 
I l l ino i s Network of 400 mi2 , provide estimated length of experiments for various 
s t ra t i f i ca t ions of precipitat ion data by season, synoptic type, and precipi tat ion 
type, and for various seeding-induced precipi tat ion increases. These graphs 
can be used also to obtain f i r s t approximations of sampling requirements on the 
600 mi2 areas involved in the cross-over target-control design, the f i r s t choice 
for an I l l i no i s experiment. Data presently being collected on the large 
Central I l l i no i s Network wil l provide similar information in the near future 
for the random-experimental design that involves a sampling area of 1600 mi2 . 
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The graphs presented in P a r t II provide es t imates based upon seeding 
a l l storms occurring in each s t r a t i f i c a t i o n . Estimates of length of experiment 
under any assumed seeding e f f i c i ency can be r ead i ly ca lcu la ted from these 
curves . For example, with any s p e c i f i c design and storm grouping, if the 
i n v e s t i g a t o r es t imates 75% of the n a t u r a l l y occurring storms w i l l be included 
in the experiment, then the experimental per iod is increased by 25% from the 
ind ica t ed curve va lue . If only 50% of the n a t u r a l l y occurring storms could be 
included in the s tudy , the experimental per iod would be doubled. 
The e f f ec t s of s e l e c t i v e or f r a c t i o n a l seeding of ava i l ab le storms 
discussed above can be r ead i ly examined with Table 4, which was e x t r a c t e d 
from Par t I I . Here, length of experiment requi red to obtain s ign i f i cance in 
warm and cold season experiments on the East Central I l l i n o i s Network is shown 
for the th ree sampling designs discussed in the I l l i n o i s des ign , th ree assumed 
seeding-induced i n c r e a s e s , and three storm ca t ego r i e s . 
The sampling requirements with the cross-over design in Table 4 are based 
upon a c o r r e l a t i o n coef f i c i en t of 0.75 between t a r g e t and cont ro l mean r a i n f a l l . 
I f the c o r r e l a t i o n dec reases , the sampling time n a t u r a l l y lengthens . Thus, i f 
the c o r r e l a t i o n coef f ic ien t decreases from 0.75 to 0 .50 , the sampling time is 
approximately doubled. The reader is r e fe r r ed to a paper by Gabr ie l (1967) for 
fu r ther t rea tment of the r e l a t i o n between t a r g e t - c o n t r o l c o r r e l a t i o n and length 
of experiment. 
Table 4. Length of experiment requi red to obtain s ign i f i cance 
in warm and cold season operat ions (a=0.05 , β=0.50) . 
-47 -
RECOMMENDATIONS FOR FUTURE WORK 
As a r e s u l t of the research conducted under NSF-1360 and o ther s tud i e s 
conducted at the I l l i no i s Water Survey, certain needs have become apparent 
for a) evaluating the potent ia l benefit of precipitat ion modification, and 
b) optimizing the design and evaluation of future cloud seeding experiments 
in the Midwest. These needs are brief ly outlined below. 
1) Evaluation of the potent ial benefits of precipitat ion modification 
on agriculture with primary emphasis on the major crops within similar 
agricul tural regions. In I l l i n o i s , Changnon and Neill (1966), have shown that 
the relat ion between crop y ie lds , weather factors, and technological factors 
can be established by regression analyses performed on h i s to r i ca l data in regions 
of similar growing-season climate and so i l conditions. Utilizing these re la t ions , 
the effects of various seeding-induced ra infa l l amounts on crop yields can be 
estimated under different growing-season weather conditions. Then, knowing the 
frequency distr ibution of the various weather conditions (combinations of 
ra in fa l l and temperature) from h i s to r ica l data, the potent ial seeding benefits 
over an extended period of time can be evaluated for a given region. A study 
along these l ines was i n i t i a t ed recently at the I l l ino i s Water Survey to 
evaluate the potential benefits on corn and soybean yields in the s ta te that 
could be derived from cloud seeding. 
2) Evaluation of the potent ia l benefits of precipi tat ion modification on 
water supply through use of climatological data in conjunction with available 
information on runoff, physiography and geomorphology of representative basins 
in a given s ta te or geographical region. A method for accomplishing th is type 
of evaluation has been outlined in an I l l ino i s feas ib i l i ty study described in 
Part II of this report . 
3) Investigation of the frequency distr ibution of moderate localized 
droughts affecting 1 to 5 counties (approximately 500-2500 mi2) and the 
meteorological conditions associated with these droughts. Such droughts are 
not uncommon in I l l i no i s and the potential for al leviation from cloud seeding 
would appear to be substant ia l , whereas significant al leviat ion of widespread 
severe droughts is not possible. An excellent example of a localized drought 
is provided in Part II of th is report . The recommended drought studies should 
be made on a s ta te or regional bas i s . 
4) Expansion of the surface rain ce l l study described in th is report 
to obtain greater knowledge on the output characterist ics of rain-producing 
convective units and to evaluate further the applicabil i ty of paired rain cel l 
analyses in the verif icat ion of cloud seeding experiments. 
5) Accumulation and analyses of data from dense raingage networks on 
larger areas than those available for use in the NSF-1360 s tudies . Determination 
of the time and space distr ibution characterist ics on areas of 1000 to 2500 mi2 
are recommended. To obtain additional knowledge useful in the design and 
evaluation of precipi tat ion modification experiments, the I l l i no i s Water Survey 
in i t i a t ed operation of a 1600 mi2 network of recording raingages in 1968. 
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6) Braham and F lueck (19 70) i n d i c a t e a s t r o n g r e l a t i o n s h i p be tween 
s e e d i n g e f f e c t and r a d a r echo h e i g h t i n t h e M i s s o u r i Whi te top e x p e r i m e n t s . 
I n view o f t h e s e f i n d i n g s , r e g i o n a l s t u d i e s o f r a d a r echo c l i m a t o l o g y would 
b e most d e s i r a b l e f o r d e s i g n i n g p r e c i p i t a t i o n m o d i f i c a t i o n e x p e r i m e n t s . The 
a v a i l a b i l i t y o f such i n f o r m a t i o n would p e r m i t r e a l i s t i c e s t i m a t e s o f o p e r a t i o n a l 
r e q u i r e m e n t s and t h e l e n g t h o f e x p e r i m e n t s r e q u i r e d f o r s t a t i s t i c a l s i g n i f i c a n c e 
t o b e a c h i e v e d . 
7 ) S i m i l a r l y , t h e f i n d i n g s o f G r a n t , C h a p p e l l and Mielke (1968) s t r e s s 
t h e impor t ance of advancement of knowledge on u p p e r a i r c l i m a t o l o g y on a 
r e g i o n a l b a s i s . 
8) The recommendat ion by Changnon (1969) f o r t h e development of a 
na r row-beam, h igh -powered 10-cm r a d a r w i t h r a p i d s c a n c a p a b i l i t i e s f o r use i n 
h a i l s u p p r e s s i o n e x p e r i m e n t s i s e q u a l l y a p p l i c a b l e f o r r a i n augmenta t ion 
e x p e r i m e n t s . 
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on A p p l i e d Me teo ro logy , American M e t e o r o l o g i c a l S o c i e t y , A s h e v i l l e , N. C. , 
Oc tober 2 9 - 3 1 , 1968. 
S c h i c k e d a n z , P. T . , and F. A. Huff: The Use of Area-Depth Curves in Weather 
M o d i f i c a t i o n . N a t i o n a l Meet ing o f American M e t e o r o l o g i c a l S o c i e t y , 
Wash ing ton , D. C . , A p r i l 2 1 - 2 4 , 1969. 
S c h i c k e d a n z , P. T . , and F. A. Huff: An E v a l u a t i o n of Downwind Seeding E f f e c t s 
from t h e Whi te top Expe r imen t . Second Conference on Weather M o d i f i c a t i o n , 
American M e t e o r o l o g i c a l S o c i e t y , S a n t a B a r b a r a , C a l i f . , A p r i l 6 - 9 , 1970. 
PAPERS IN PREPARATION RESULTING 
FROM NSF-1360 RESEARCH 
S c h i c k e d a n z , P . T . , and F . A. Huff: U t i l i z a t i o n of Area-Depth Curves in t h e 
Design and E v a l u a t i o n o f R a i n f a l l M o d i f i c a t i o n E x p e r i m e n t s . 
(Dense network d a t a used to e v a l u a t e a v e r i f i c a t i o n t e c h n i q u e 
u s i n g 3 a r e a - d e p t h p a r a m e t e r s , 5 s t a t i s t i c a l d e s i g n s , and 
s t r a t i f y i n g d a t a b y s e a s o n , r a i n t y p e , and s y n o p t i c w e a t h e r t y p e ) 
S c h i c k e d a n z , P. T . , and F. A. Huff: Downwind Seeding E f f e c t s from P r o j e c t 
W h i t e t o p . 
( T r a j e c t o r y a n a l y s e s employed w i t h r a i n f a l l d a t a from c l i m a t i c 
s t a t i o n s and dense ne tworks t o e v a l u a t e downwind s e e d i n g e f f e c t s 
t o d i s t a n c e s o f 300 m i l e s r e s u l t i n g from P r o j e c t W h i t e t o p . S e v e r a l 
s t a t i s t i c a l t e s t i n g methods employed a l o n g w i t h s e v e r a l methods 
o f p a r t i t i o n i n g t h e downwind a r e a s ) 
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S c h i c k e d a n z , P. T. , and F. A. Huff: Sampling Requ i rements in t h e Design and 
V e r i f i c a t i o n o f Rain M o d i f i c a t i o n E x p e r i m e n t s . 
(Sampl ing r e q u i r e m e n t s e s t a b l i s h e d w i t h dense network d a t a . 
Storm r a i n f a l l s t r a t i f i e d b y s e a s o n , r a i n t y p e , and s y n o p t i c 
w e a t h e r t y p e . Var ious s t a t i s t i c a l d e s i g n s e v a l u a t e d . E f f e c t s 
o f t r u n c a t i n g p r e c i p i t a t i o n d i s t r i b u t i o n i n v e s t i g a t e d . 
U t i l i z a t i o n o f r a i n c e l l a n a l y s i s i n v e r i f y i n g s e e d i n g r e s u l t s 
s t u d i e d ) 
Huff, F . A . , and P . T . S c h i c k e d a n z : E s t i m a t i n g N a t u r a l D i s t r i b u t i o n o f Storm 
P r e c i p i t a t i o n in T a r g e t Areas from C o n t r o l Area Da t a . 
(Th ree methods e v a l u a t e d i n c l u d i n g Wadsworth and Lopez t e c h n i q u e s 
o f f i t t i n g a p l a n e o r o t h e r m a t h e m a t i c a l s u r f a c e , i s o h y e t a l p a t t e r n 
a n a l y s i s , and assuming homogenei ty i n mean r a i n f a l l be tween t a r g e t 
and c o n t r o l ) 
S c h i c k e d a n z , P . T . : A G r a p h i c a l Method f o r E s t i m a t i n g Gamma P r o b a b i l i t y 
D i s t r i b u t i o n s . 
S c h i c k e d a n z , P . T . : An O b j e c t i v e Method of T e s t i n g f o r G o o d n e s s - o f - F i t . 
STUDENT EMPLOYMENT AND TRAINING 
During summer 196 8 , two g r a d u a t e s t u d e n t s in m e t e o r o l o g y were employed. 
In Ki Kim, F l o r i d a S t a t e U n i v e r s i t y , worked on r a i n c e l l a n a l y s e s from June to 
Sep tember . During t h e same p e r i o d , Jawad Touma, U n i v e r s i t y of M i s s o u r i , was 
i n v o l v e d p r i m a r i l y in a s t u d y o f downwind s e e d i n g e f f e c t s a s s o c i a t e d w i t h t h e 
M i s s o u r i Whi te top e x p e r i m e n t . E f f o r t s were made to employ a g r a d u a t e s t u d e n t 
in Geography from the U n i v e r s i t y of I l l i n o i s , b u t we were unab le to o b t a i n a 
p e r s o n w i t h s u i t a b l e background and i n t e r e s t s f o r t h e t ype o f r e s e a r c h 
conduc ted under NSF-1360. 
During summer 1969 , D a n i e l H o u s e r , an u n d e r g r a d u a t e s t u d e n t in c l i m a t o l o g y 
a t Purdue U n i v e r s i t y , was employed f u l l t i m e . He was i n v o l v e d in t h e Whi te top 
downwind s t u d y and v a r i o u s s t a t i s t i c a l a n a l y s e s o f dense r a i n g a g e network d a t a . 
I n a d d i t i o n , two t o t h r e e u n d e r g r a d u a t e s t u d e n t s from t h e U n i v e r s i t y 
o f I l l i n o i s were employed p a r t - t i m e t h r o u g h o u t t h e g r a n t p e r i o d . They were 
a s s i g n e d p r i m a r i l y t o r o u t i n e s t a t i s t i c a l a n a l y s e s o f p r e c i p i t a t i o n d a t a . 
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